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ABSTRACT 

In the context of archaeological prospecting, the use of Mobile Metal Ion (MMI) soil 

geochemistry, a ligand-based partial extraction geochemical technique, has been evaluated. 

The MMI method currently utilized with some success in the search for concealed ore bodies 

in the Mineral Exploration Industry.  The project assesses the ability of the MMI technique to 

define and document known archaeological sites and locate and define archaeological sites 

which are buried or otherwise concealed beneath the surface. 

 Four field sites in the United Kingdom, of archaeological significance and upon which 

geochemical and geophysical surveys and archaeological excavation had previously been 

undertaken, were systematically soil sampled and the samples subjected to MMI extraction 

and ICP-MS analysis for the 53 elements Ag, Al, As, Au, Ba, Bi, Ca, Cd, Ce, Co, Cr, Cs, Cu, 

Dy, Er, Eu, Fe, Ga, Gd, Hg, K, La, Li, Mg, Mn, Mo, Nb, Nd, Ni, P, Pb, Pd, Pr, Pt, Rb, Sb, Sc, 

Se, Sm, Sn, Sr, Ta, Tb, Te, Th, Ti, Tl, U, W, Y, Yb, Zn and Zr. 

 The elemental data obtained were compared with earlier geochemical results obtained using 

traditional geochemical techniques. Data were analysed with traditional and multivariate 

statistical techniques, and the recently-developed ‘Degree of Geochemical Similarity’ 

technique.  

MMI not only confirmed the findings of the earlier work, but detected a wider range of 

elements which were indicative of human activity at each site. The elements found to contain 

an anthropogenic addition to their concentrations at one or more sites investigated were: Ag, 

Au, Ba, Bi, Ca, Cd, Ce, Co, Cr, Cs, Cu, Dy, Er, Eu, Fe, Ga, Gd, Hg, K, La, Li, Mn, Mo, Nb, 

Nd, Ni, P, Pb, Pr, Rb, Sb, Sc, Sm, Sn, Sr, Tb,  Th, Ti, Tl, U, Y, Yb, Zn and Zr.  

The sensitivity of the ICP-MS analytical technique facilitated the measurement of this wide 

range of elements at very low concentrations (ppb level). The MMI partial extraction method 

allowed the detection of low concentration elemental anomalies because of its high 

geochemical contrast capability (it extracts only loosely bound ions and does not dissolve the 

soil mineral phases). The combination of MMI partial extraction with ICP-MS analysis has 

allowed the detection of subtle, anthropogenically derived multi-element soil geochemical 

anomalies, and also provided much better definition of the anomalies than the traditional 

methods. These advantages have resulted in the detection of new geochemical targets, 
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indicative of concealed features of potential archaeological significance, and the ability to 

better geochemically characterize different archaeological functional areas.  

These features, when combined with excellent correspondence between the MMI data, the 

excavated archaeology and the archaeology interpreted from magnetic gradiometry, confirm 

the valuable contribution that MMI soil geochemistry can make to archaeological 

investigations.  

The advantages of MMI are enhanced when the technique is employed in conjunction with 

other tools, such as magnetic gradiometry and remote sensing imagery.  

To examine the process and rate of formation of MMI detectable soil geochemical anomalies, 

controlled tests were carried out using self-watering flower pots containing artefacts and 

‘artefact-like’ material buried in sand and kept moist by de-ionized water and seawater.  

Significant near surface soil anomalies were generated in less than 6 months for the metals 

Ag, Au, Cu, Mn, Ni, Pb and Zn in the seawater experiments. 

 

The research has demonstrated the benefits of the MMI partial extraction technique in the 

detection of subtle, low amplitude multi-element anthropogenic soil geochemical anomalies 

and the capability of defining specific Functional Area (areas where specific activities were 

undertaken e.g. kitchen, metal processing etc.) related elemental suites, commonly more 

definitively than do other geochemical techniques.   

 

This ability to detect signatures of buried archaeological materials in a rapid non-invasive 

manner makes the technique potentially very useful for the investigation of sensitive sites 

where widespread excavation would be undesirable. In addition, the method is well suited to 

the investigation of construction and other sites where evidence of buried archaeological 

remains has been discovered and where only limited time may be available to evaluate the 

site. 
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Figure 6.25 Log10 difference plot for NM index type sample CAL12 with 

background sample CAL34. The plot is characterized by enrichment of 
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respectively, which is close to the LLD and so this difference may not 

be significant. 
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Figure 6.26  Log10 difference plot for AM index type sample CAL42 with 

background sample CAL34. The plot is characterized by enrichment of 

the AM index metals Cu, Pb and Sn. These elements are shown in red. 

The Cu enrichment (1.6× background) appears less than it really is 

because the background sample CAL34 is relatively enriched in Cu 

(6970 ppb, compared with a Cu mean of 5531 ppb). CAL42 contains 

10,800 ppb Cu. Silver (green) is present at 1.7× background, Zn 

(green) at 1.6× background. The REEs and Y (blue) also display 

enrichment in CAL42 ranging from 1.7× (La) to 3.0× (Tb). 
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Figure 6.27 Calleva reconnaissance MMI REE profiles for Index ‘type’ and 

background samples compared with the Average Crustal Abundance 

REE profile from Rudnick and Gao (2003). 
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Figure 6.28 Calleva reconnaissance MMI REE profiles for local and regional 

background samples compared with the ICE Index ‘type’ sample and 

the Average Crustal Abundance REE profile from Rudnick and Gao 

(2003). 
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Figure 6.29 Calleva reconnaissance MMI REE profiles for ICE, NM and AM 

‘type’ samples and the local background sample normalized to the 

Average Crustal Abundance REE concentrations from Rudnick and 

Gao (2003). 
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Figure 6.30 DOGS r Correlation Coefficient contour plot using the local 

background sample CAL34 as Comparator. The approximate location 

of the Forum excavation site is depicted by the black rectangle. 
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Figure 6.31 Difference plot of data set without the Forum samples and the full data 

set using means of log transformed data. 
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Figure 6.32 Cross section of stratigraphic profile from Insula IX. Left; AR 

extracted Pb in ppm. Right; photograph of section face showing sample 

locations. Data and photograph supplied courtesy of Dr Chris Speed, 

University of Reading. 
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Figure 6.33 Distribution plot of Aqua Regia and MMI Pb values from soil samples 

taken within the Calleva town walls. Aqua Regia data from Speed 

(2014), MMI data from this survey. 
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Figure 6.34 Plan of the House 1 stone buildings on Calleva Insula IX during the 

late first century to early second century CE. A description of the three 

phases is given in 6.8.1. (Image after Cook et al. (2005)). 
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Figure 6.35 MMI spatial distribution plots for samples from House 1, a) Ag, Au, 

Cu and Zn, b)Cd, Hg, Mo and Mn, c) Ni, Pb, Sb and Sr. 
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Figure 6.36 Multi-element profile for Calleva MMI House1 sample CAH06 

(Hearth) – CAH02 (Gravel) obtained by subtracting the log10 

elemental value of the local background sample (CAH02) from the 

Log10 elemental value of the representative Hearth sample (CAH06). 
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Figure 7.1  Easter Tombrek location maps. Upper map from Google Earth. Lower 

map after (Atkinson et al., 2005). 
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Figure 7.2  Easter Tombrek site showing sample locations. UTM co-ordinates are 

Zone 30V (Image from Google Earth). 
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Figure 7.3  Easter Tombrek. Above: General view of the building ruins. House in 

the centre-right background. Garden wall in the foreground of the 

House with Building 3 on the grassy knoll in the left of the picture. 

Below: Ruins of the House in the background and garden wall in the 

foreground. 
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Figure 7.4  Easter Tombrek. Above: Sampling the soil above the hearth in the 

House. Below: Sampling in the Byre. 
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Figure 7.5  Easter Tombrek. Above: Sampling within the Garden walls. The House 

and Byre are in the background. Below: Pasture sampling. Flagged 

canes mark the sampling site. The House and Garden wall ruins are 

background left. The Revival area is centre background on the slope 

below the white buildings. 
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Figure 7.6  Easter Tombrek. Sampling of the Revival area. View south over Loch 

Tay. Note the clumps of rushes which appear grey-brown on the 

Google Earth image in Figure 7.2. 
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Figure 7.7  Location of trench T30, which was excavated in 2005 as part of the 

Ben Lawers Historic Landscape Project. 
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Figure 7.8  Easter Tombrek MMI sample sites and numbers. Samples TOM1-5 

were located in the House, samples TOM6-9 were located in the Byre, 

samples 10-12 were located in the Garden, samples TOM13-15 were 

located in the Pasture and samples TOR1-12 were located in the 

Revival Area. The Revival Area encompasses the location where 

settlement (now completely disappeared) was documented by 

Farquharson on his 1769 map (see Figure 7.9). 
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Figure 7.9  The original Farquarhson map published in 1769, with the settlement at 

Tombrek (Revival area) and Easter Tombrek highlighted. Map after 

Fleming (2015). 
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Figure 7.10  Comparison of MMI log10 multi-element means from the Easter 

Tombrek samples with the GEMAS S.E. England and Scotland MMI 

means 
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Figure 7.11  Comparison of MMI log10 multi-element means from the Easter 

Tombrek samples with the GEMAS sample 3159 and All Scotland 

MMI means. 
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Figure 7.12  Multi-element MMI data for Easter Tombrek sample elemental means 

and GEMAS Scotland MMI elemental means and elemental contrast 

ratios for selected elements. Ratios greater than 3.7 × (equivalent to 0.5 

log ratio units) are shaded red. 
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Figure 7.13  Easter Tombrek MMI Max/Min. plots of selected elements 

demonstrating the reduction of the max/min contrast in contexts less 

affected by human activity: (a) Ce, (b) Co, (c) Nb, (d) Pb, (e) Sr, (f) 

Zn. 
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Figure 7.14  Easter Tombrek MMI medians for selected elements on a Functional 

Area basis.  Elements with concentration higher in the Hearth than the 

House.  Concentrations in ppm. Hrth=Hearth, Hse=House, Byre=Byre, 

Gdn=Garden, Past=Pasture, Rev=Revival. Solid lines in Tukey-style 

boxes are medians, boxes span the interquartile range (IQR; 25th to 

75th percentiles), whiskers are IQR boundary±1.5 × IQR or 

maxima/minima if these give a smaller whisker range and ○ symbols 

are potential outliers. a) Ag, Pb, Sn and Sb, b) Ca, Sr, K, and Zn, c) Fe, 

d) Ba, P, Mo and Ti, e) Ce, Nd, Th and Zr. 
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 Figure 7.15  MMI log Ca vs log Sr with samples plotted on a Functional Area basis. 

Two discrete groupings are evident. One contains samples from the 

House, Byre and Garden whilst the second contains the samples from 

the Pasture and Revival Area. 
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Figure 7.16  Biplot for principal components analysis (PCA) of MMI compositional 

data for soil samples from Easter Tombrek. Individual samples and 

their archaeological context are displayed. 

268 

Figure 7.17  Easter Tombrek MMI X-Y elemental pair plots for selected elements. 

Log10 Ag vs Log10 Cu, Log10Au vs Log10 Cu, Log10 Pb vs Log10 

Zn and Log10 Fe vs Log 10 Pb 
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Figure 7.18  CPM elemental distribution plots of Easter Tombrek MMI samples for 

selected elements. The background image is from Google Earth. 
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Figure 7.19  Composite Element Index plots for Easter Tombrek raw ppb data 

normalized to the elemental mean. Left, the Base and Ferrous Metal 

Index (BFMI) comprised of Pb+Zn+Fe+Sn. Right, the Incompatible 

Element Index (IEI) comprised of Ce+Cr+Gd+La+Th+U+Y+Zr.  
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Figure 7.20  Composite Element Index Anthropogenic Index (AI) plots for Easter 

Tombrek raw ppb data normalized to the elemental mean. The index is 

comprised of Ca + Co +Cu + Fe + Hg + K + K + Mn + P + Pb + Sn + 

Sr + Zn. Left; 100% colour contour data. Right; 0% contour opacity to 

show location of the concentration of the index on the House. 
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Figure 7.21  Contoured r correlation values for Easter Tombrek samples; Left - the 

GEMAS sample 3159 as the comparator, Right - the GEMAS All 

Scottish mean as comparator. 
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Figure 7.22  Easter Tombrek location plan (courtesy of Clare Wilson) of acid digest 

and MMI soil samples (Google Earth image).  
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Figure 7.23  Mean concentrations of in soil sampled at Easter Tombrek, analysed 

using MMI/ICP-MS and HNO3-digest/ICP-OES (AD). a) Ca and Co, 

b) Cu, Fe, K, Mn, P and Pb, c) Sr, Zn and Ba. 
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Figure 7.24  The location of MMI sampling points (shown as green circles on the 

red grid lines – for full numbering of MMI samples see Figure 7.8), the 

Fleming sampling locations (red circles) and proposed (but not taken) 

MMI sample locations (green circles not on the grid). The location of 

the Tombrek settlement as shown on the 1769 Farquharson map (used 

as the base for this compilation) is shown as the blue trapezium. The 

reference grid is UTM 30V. 
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Figure 7.25  Comparison of MMI Ca concentration (in ppm) with interpolated 

contoured Wilson Ca (in ppm) results. Concentration ranges from 1213 

ppm (light blue) to 3587 (red). The purported location on the Tombrek 

settlement is outlined by the blue trapezium. The yellow numbers 

represent sample magnetic susceptibility values which are not relevant. 

The 1769 Farquharson map has been used as the base for this 

compilation.  
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Figure 7.26  Comparison of MMI Pb concentration (in ppm) with interpolated 

contoured Wilson Pb (in ppm) results. Concentration ranges from 10 

ppm (light blue) to 20 ppm (red). The purported location on the 

Tombrek settlement is outlined by the blue trapezium. The yellow 

numbers represent sample magnetic susceptibility values which are not 

relevant. The 1769 Farquharson map has been used as the base for this 

compilation. 
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Figure 7.27  Comparison of MMI P concentration (in ppm) with interpolated 

contoured Wilson Pb (in ppm) results. Concentration ranges from 637 

ppm (light blue) to 1412 ppm (red). The purported location on the 

Tombrek settlement is outlined by the blue trapezium. The yellow 

numbers represent sample magnetic susceptibility values which are not 

relevant. The 1769 Farquharson map has been used as the base for this 

compilation. 
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Figure 7.28  Comparison of MMI Cu concentration (in ppm) with interpolated 

contoured Wilson Pb (in ppm) results. Concentration ranges from 17 

ppm (light blue) to 49 ppm (red). The purported location on the 

Tombrek settlement is outlined by the blue trapezium. The yellow 

numbers represent sample magnetic susceptibility values which are not 

relevant. The 1769 Farquharson map has been used as the base for this 

compilation. 

311 

   

Figure 8.1  Binchester location map. 321 

Figure 8.2  Binchester site showing the fields and areas where sampling was 

undertaken. 
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Figure 8.3  The Binchester site is situated in rolling countryside. 322 

Figure 8.4  The Binchester site is heavily pastured. 323 

Figure 8.5  Location of 2005-2015 Durham University excavation trench site areas 

and the Bath House Drainage MMI sampling area. UTM Grid 

Reference 30U. Background image is from Google Earth. 
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Figure 8.6  Magnetic gradiometry of the Binchester site with sampled areas 

highlighted. (Plan after Archaeological Services, Durham University, 

courtesy of Dr D. Petts.). The greyscale magnetic field gradient range 

is from -5nT (white) to +5 nT (black).  
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Figure 8.7  MMI sample locations and numbers with topographic contours derived 

from GPS readings taken during the sampling. The UTM Zone is 30U. 
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Figure 8.8  Ratio of soil MMI elemental means for Binchester to GEMAS North 

England elemental means. 
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Figure 8.9 Binchester total data elemental geochemical contrast 4Qm/1QM. 

Elements with contrast >4 are shaded red; those with contrast between 

3 and 4 are shaded ochre. 
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Figure 8.10  Biplot for principal components analysis (PCA) of MMI compositional 

data for soil samples from Binchester. Individual samples and their 

archaeological context are displayed. 
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Figure 8.11  X-Y elemental plots of log10 transformed data for selected elemental pairs.    340 

Figure 8.12  Magnetic gradiometry of the Binchester Bath House Drainage Area 

with interpreted features and MMI sample locations shown. Magnetic 

gradiometry after Archaeological Services, Durham University. 

Magnetic field gradient greyscale range is from -5 nT (white) to +5 nT 

(black). The white colouring associated with the fence is a result of the 

absence of data rather than low readings. 
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Figure 8.13  Spatial distribution of MMI concentration categories for selected 

elements in the Bath House Drainage Area plotted on the magnetic 

gradiometry base map (base map from Archaeological Services, 

Durham University).   
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Figure 8.14  Magnetic gradiometry of the Binchester Bath Industrial Area with 

interpreted features and MMI sample locations shown. Magnetic 

gradiometry after Archaeological Services, Durham University. 

Magnetic field gradient greyscale range is from -5 nT (white) to +5 nT 

(black). 
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Figure 8.15  Spatial distribution of MMI concentration categories for selected 

elements in the Industrial Area plotted on the magnetic gradiometry 

base map (base map from Archaeological Services, Durham 

University).   

350 

Figure 8.16 Magnetic gradiometry of the Binchester Stock Yard Area with 

interpreted features and MMI sample locations shown. Magnetic 

gradiometry after Archaeological Services, Durham University. 

Magnetic field gradient greyscale range is from -5 nT (white) to +5 nT 

(black). 
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Figure 8.17 Spatial distribution of MMI concentration categories for selected 

elements in the Stock Yard Area plotted on the magnetic gradiometry 

base map (base map from Archaeological Services, Durham 

University. 
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Figure 8.18 MMI bivariate log elemental plots by Functional Area for the element 

pairs Ca-Sr, Fe-Ag, Zn-Cd and Fe-Nb. 
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Figure 9.1 The Flower pot experiment components. 374 

Figure 9.2  Elemental concentrations in the flower pot sand blank sample taken 

after 52 days – de-ionized water solution. Elements with concentration 

< LLD are not plotted. 

375 



xxii 

 

Figure 9.3  Elemental concentrations in the flower pot sand sample taken from 

above the brass material after 52 days – de-ionized water solution. 

Elements displaying a significant contribution (> 10 × blank) from the 

tested material are shown in red. a) Brass sample BRS52 raw data, b) 

BRS52 with blank subtracted, with only elements potentially derived 

from the brass shown. The Mn (30 ppb), Mo (5 ppb) and Ni (8 ppb) 

values are, however, more likely to be the result of natural variation in 

the sand medium than derivative from the brass. 
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Figure 9.4  Ranking of common metals in the Galvanic Series. 377 

Figure 9.5  Elemental concentrations (blank subtracted) in the flower pot sand 

sample taken from above the lead sample material after 52 days – de-

ionized water solution.  Elements believed to be displaying a 

contribution from the tested material are shown in red. However, as the 

composition of the Pb sheet artefact was not known, this conclusion is 

not certain. 
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Figure 9.6  Elemental concentrations (blank subtracted) in the flower pot sand 

sample taken from above the silver sample material after 52 days – de-

ionized water solution. Elements displaying a significant contribution 

from the tested material are shown in red. 
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Figure 9.7  Elemental concentrations (blank subtracted) in the flower pot sand 

sample taken from above the pewter sample material after 52 days – 

de-ionized water solution. Elements displaying a significant 

contribution from the tested material are shown in red. 
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Figure 9.8  Elemental concentrations (blank subtracted) in the flower pot sand 

sample taken from above the bronze sample material after 52 days – 

de-ionized water solution.  
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Figure 9.89 Elemental concentrations (blank subtracted) in the flower pot sand 

sample taken from above the gold sample material after 52 days – de-

ionized water solution. Elements displaying a significant contribution 

from the tested material are shown in red. 
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Figure 9.10  Elemental concentrations (blank subtracted)  in the flower pot sand 

sample taken from above the iron sample material after 52 days – de-

ionized water solution. Elements displaying a significant contribution 

from the tested material are shown in red. 
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Figure 9.11  Elemental concentrations in the flower pot blank sand samples taken 

after 61 and 173 days – (watered with seawater solution). 
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Figure 9.12  Elemental concentrations in the flower pot sand samples taken from 

above the brass sample material (blank values subtracted) after 61 and 

173 days – watered with seawater solution). Elements displaying a 

significant contribution from the tested material are shown in red. Iron 

is not displayed. 
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Figure 9.13  Elemental concentrations in the flower pot sand samples taken from 

above the lead sample material (blank values subtracted) after 61 and 

173 days – (watered with seawater solution). Elements displaying a 

significant contribution from the tested material are shown in red. No 

Pb or Zn were present after 61 days. 
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Figure 9.14  Elemental concentrations in the flower pot sand samples taken from 

above the silver sample material (blank values subtracted) after 61 and 

173 days – (watered with seawater solution). Elements displaying a 

significant contribution from the tested material are shown in red. 
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Figure 9.15  Elemental concentrations in the flower pot sand samples taken from 

above the pewter sample material (blank values subtracted) after 61 

and 173 days – (watered with seawater solution). Elements displaying 

a significant contribution from the tested material are shown in red. 
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Figure 9.16  Elemental concentrations in the flower pot sand samples taken from 

above the bronze sample material (blank values subtracted) after 61 

and 173 days – seawater solution. Elements displaying a significant 

contribution from the tested material are shown in red. 
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Figure 9.17  Elemental concentrations in the flower pot sand samples taken from 

above the iron sample material (blank values subtracted) after 61 and 

173 days – seawater solution. Elements displaying a significant 

contribution from the tested material are shown in bright red. 
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Figure 9.18  Elemental concentrations in the flower pot sand samples taken from 

above the solder sample material (blank values subtracted) after 61 and 

173 days – seawater solution. No elements except Pb were detectable 

after 61 and 173 days. 
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PRELUDE 

 

Success in scientific research hinges upon the ability to clearly frame and ask the right 

questions. Research that is not directed at answering specific questions, whilst possibly being 

successful, will not be as efficient as that which seeks to answer specific questions. To 

successfully frame the right questions necessitates considerable thought about the problem to 

be solved and in depth investigation to extract the nub of the problem. That principle has 

been applied to this research.  

 

 

 

 

Every archaeological problem starts as a problem in geoarchaeology. 

       - Colin Renfrew (1976)
* 

 

* 
Renfrew, A.C. 1976 Introduction. In: D.A. Davidson and A.L. Shackley (eds.) 

Geoarchaeology: Earth Science and the Past. Duckworth, London. 
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1. INTRODUCTION 

 

The use of MMI, a partial extraction geochemical technique, currently utilized with some 

success in the search for concealed ore bodies in the Mineral Exploration Industry (Fedikow 

and Ziehlke, 1998, Hamilton et al., 2001, Mann et al., 2005), has been evaluated against other 

traditional geochemical methods for its ability to more clearly define and document known 

archaeological sites and locate and define archaeological sites which are buried or otherwise 

concealed from the surface. 

1.1 Aims 

 

The Aim of this research has been to assess the potential of the MMI partial extraction soil 

geochemical technique as a tool to improve site definition and prospection in archaeological 

investigations. MMI is a well-established geochemical exploration tool in the minerals industry 

and there was every reason to believe that the transfer of this technology to the area of 

archaeological research should be successful.  

 

1.2 The Research Questions 

 

There are two primary contexts in which MMI is likely to be valuable in archaeological 

investigations. These are; 

 

i. in documenting known sites more effectively; 

ii. improving the ability of archaeologists to locate new archaeological sites and 

define new areas of interest on known sites.. This is the prospection context.  

 

Whilst the potential applications of the MMI technique are somewhat different, they are linked 

and the fundamental research questions should provide answers applicable to both contexts. 

The questions being asked will dictate the research methodology to be employed. 

The hypothesis fundamental to this research was: MMI partial extraction soil geochemistry 

will provide archaeologists with an increased ability to find and document archaeological 

sites. 
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The argument which leads to this hypothesis is as follows: 

1. Anomalies in the spatial distributions of single elements (e.g. P, Ca, Cu, Zn, Pb, Mn) have 

been known for ≤̃ 80 y to indicate the prior existence and/or remains of (pre)historic sites 

2. Advances in technology (ICP-OES and ICP-MS) enabled both lower detection limits and 

detection of a wider range of elements (P, C, Cu, Mn, Ca, K, Fe, Th, Rb, Cs, Pb, Zn, Sr, 

Ba, B, Ni, Se, Na, S, Mo, Hg, Au, REE and heavy metals) showing anomalism at 

(pre)historic sites 

3. Useful elements for geoarchaeology must show persistent anomalies in concentrations at 

(pre)historic sites relative to background. Geoarchaeological anomalies are thus dependent 

on soil and geomorphological conditions and processes. 

4. Multielement signatures of (pre)historic sites are more diagnostic than single-element 

signatures. 

5. Considerable information is available showing that a wide range of elements can indicate 

(pre)historic human activities and/or settlements in a wide range of settings and that the 

elemental suite which characterizes a particular context is specific to it. There is no single 

solution. Each context has its own geochemical profile. 

6. Mechanisms of metal (and non-metal) dispersion into soils from (pre)historic human 

activities and/or settlements are not currently well-defined and can result from chemical, 

biological and physical processes or combinations of all three. 

7. Metals partition into a wide range of chemical and mineralogical forms in soils, the nature 

of which is dependent upon the extant physical and chemical conditions (temperature, pH, 

eH, and concentration of elements present). 

8. Different analytical techniques (e.g. total digests vs. partial extractions) may yield different 

results. In many cases in geochemical exploration, partial extractions give superior 

distinction between background and anomaly. 

9. The MMI technique is an example of a widely-used and successful partial extraction 

technique in geochemical exploration, which by extension is likely to be able to identify 

multi-element geoarchaeological anomalies in soils with high sensitivity. 

To test this hypothesis the following questions needed to be answered; 
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i. Can MMI replicate known results obtained from soil sampling and (near) total 

analyses of known sites? 

ii. Can MMI provide greater resolution and definition (than existing methods) of soil 

geochemical anomalies of anthropogenic origin? 

iii. Can MMI increase the range of chemical elements potentially indicative of human 

activities? 

iv. Can MMI provide elemental data that can assist archaeologists in determining what 

functional use human occupants assigned to specific areas within an archaeological 

site? 

v. Can MMI, in conjunction with other techniques, provide useful information on the 

processes responsible for anthropogenic soil geochemical anomalies? 

1.3 The Research Methodology 

 

1.3.1 Site selection 

 

Sampling was conducted on a series of documented archaeological sites for which significant 

prior geochemical and (where possible) geophysical data existed. On such sites sampling could 

be undertaken to give directly comparable results with existing data. In addition, where the 

geophysics (particularly magnetics and magnetic susceptibility) provided possible evidence of 

buried human activity (hearths, metal working sites, walls etc.), MMI could be used to assess 

its prospection abilities. It was also considered to be important to choose sites which were of 

differing ages and archaeological settings, so as to test the technology under as wide a range of 

conditions as feasible.  

After considerable investigation of possible sites around the world, it was decided to select 

sites within the UK. This decision was based on the greater number of sites from which to 

select good site access for research purposes, the sites for which geochemical and geophysical 

data exist, the wide range of site types and ages and the culture of the country being amenable 

to archaeological research. After considerable consultation with a wide range of people, a field 

trip to the UK was undertaken in November-December 2013 to visit people, potential sites on 

which to work and hone the site selection process. This resulted in a positive situation where a 

number of potentially suitable sites presented themselves. The question of not only which sites 

but how many now became an issue. Factors affecting the decision on this issue were the 

number that could be effectively investigated during the course of this PhD investigation and 
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the number of samples that the supporting laboratory were willing to analyse. The laboratory 

(SGS), kindly agreed to fully cover the cost of transport, sample preparation, extraction and 

analysis for 200 samples. Four sites were selected on which to undertake the research. A 

resume of the sites selected is given in Chapter 3.  

1.3.2 Sampling 

 

Sampling of soil at all four sites was carried out in May 2014. A total of 204 samples were 

collected in triplicate at each site. One set of samples was sent by air freight to the laboratories 

of SGS in Perth, Australia, and a second suite of samples was retained for reference purposed 

at the University of Stirling in Scotland. The third suite were wet sieved at the University of 

Stirling with the + 2mm fraction being oven-dried at 140 °C and shipped to the University of 

Western Australia in Perth for chemical analysis, physical and mineralogical  examination and 

classification. The samples which were analysed by MMI were oven dried at only 40 
0
C to 

ensure that the exchange capacity of the materials was not compromised nor the clays 

modified. 

 

The sampling requirements for MMI are described in Mann et al. (2005, 2012). Adsorbed ions 

are found predominantly in near surface soils where evaporation/transpiration is at its 

maximum, which is commonly at a depth of 10-25 cm below surface. This is the target zone 

for MMI soil geochemical sampling.  

The sampling procedure used at all sites was as follows. At each site the turf was lifted from a 

20 × 20cm area (the width of the spade used) and saved. A pit was then dug to a nominal depth 

of 15cm, the soil removed from the hole and stockpiled. Duplicate soil samples were then 

taken from the pit bottom using a plastic spoon to prevent sample contamination with metals. 

The sampling was designed to capture soil from the soil zone where moisture loss changes 

from transpiration to evaporation. The sampling was carried out in the plant root zone and was 

in accordance with the outlined protocol (Mann, 2011, Mann et al., 2014, Mann et al., 2015a, 

Mann, 2010, Mann et al., 2005). In addition, a further sample of the coarse material within the 

soil was collected for examination at a later date for any archaeological material and to identify 

the stony rock fragment components. After sampling the stockpiled soil was returned to the 

hole and the turf sod replaced. No processing of the soil is required apart from coarse sieving, 

oven-drying at 40 °C and riffle splitting. Photographs documenting the soil sampling process 

are shown in Figures 1.1a-e below. 
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Figure 1a Lifting the turf in preparation for soil sampling. 

 

Figure 1b The soil exposed after removal of the turf. The turf is placed adjacent to the pitted 

area for replacement once the samples have been taken.  
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Figure 1c The process of taking the soil sample is shown. Note that a plastic sampling spoon is 

used and no rings or metallic objects are worn so as to prevent contamination of the samples. 

 

Figure 1d Detailed GPS location data were collected at each sample site. 

 

Figure 1e The removed turf square has been replaced in the sampling pit and tamped down to 

return the sampling site to its original condition. 

1.3.3 The Mobile Metal Ion (MMI) extraction technique 

 

The Mobile Metal Ion (MMI) technique is a partial extraction technique based on the use of a 

neutral-alkaline solution containing both organic and inorganic ligands (Mann, 2010) to 

provide complexing ability. The solutions contain no aggressive acidic (or alkaline) component 

which ensures that during extraction the soil matrix is largely undisturbed. The extracted 

elements are most likely derived predominantly from adsorbed and loosely attached ions on the 

exterior of grains and grain boundaries. Whilst the quantity of each element extracted is much 

lower than that obtained by total (XRF) or by acid extraction (e.g. aqua regia), there is 

improved signal to noise ratio due to reduction in background signal. When combined with 
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ICP-MS (capable of returning low concentrations for over 50 elements) the MMI technique 

provides a potentially very powerful tool for a wide range of investigations. The technique has 

been widely used in mineral exploration (Fedikow and Ziehlke, 1998, Hamilton et al., 2001, 

Mann et al., 2005, Mann et al., 1998), for the characterization of agricultural soils (Mann et al., 

2014, Mann et al., 2015b, Reimann et al., 2014a, Sadeghi et al., 2015), for geochemical  

evaluation of drainage basins (Mann, 2011) and for geological mapping (Mann et al., 2016).  

MMI soil geochemistry has recently been used for resolution of anthropogenic anomalies 

(Mann et al., 2015b, Mann and Sylvester, 2015) and geochemical characterization of Roman 

archaeological sites (Sylvester et al., 2015, Sylvester et al., 2017b, Sylvester et al., 2017a).   

1.3.4 Methodology for strong acid digestion 

 

The digest was carried out using a 3-1-2-4 mixture of concentrated (32%) hydrochloric acid, 

concentrated (69%) nitric acid, concentrated (70-72%) perchloric acid and hydrofluoric acid 

(50%) respectively. A 0.2 g sample was digested to near dryness at 200 °C, with the residue 

taken up in 90 °C hydrochloric acid, diluted to volume with deionised water and analysed by 

ICP-MS. The SGS laboratory code for this procedure is IMS40Q. 

1.3.5 The definitions of geochemical background and geochemical anomalism 

 

The first step in the analysis of any geochemical data is that of determining what constitutes an 

anomaly, as the major purpose of undertaking geochemical investigations is to determine 

which samples display a geochemical signature that is out of the ordinary or ‘anomalous’. To 

ascertain what is anomalous necessitates knowing what is ‘normal’, or in geochemical parlance 

– background. 

The first attempts to estimate the abundance of elements in the earth (background) were made 

by Döbereiner in the mid- 19
th

 century (Mason, 1962), but it was the prodigious work of 

(Clarke, 1924) that resulted in the birth of geochemistry as it is recognised today. Clarke’s 

work was consolidated by (Goldschmidt, 1954) and has been refined by McDonough and Sun 

(1995), Rudnick and Gao (2003) and Taylor and McClennan (1985). 

The importance of geochemical background became very evident once geochemistry became a 

regular tool in the search for new mineral deposits (Hawkes and Webb, 1962). They recognised 

the importance of determining whether the geochemical data were distributed normally or log-
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normally in determining background. To establish a threshold for elemental anomalism they 

proposed that “…the threshold … may be conventionally defined as the mean plus twice the 

standard deviation.” (p30). By the 1980s considerable emphasis was beginning to be placed on 

statistical methods of data analysis (Garrett, 1989, Howarth and Sinding-Larsen, 1983), but 

despite considerable workshopping by The Association of Exploration Geochemists during the 

1980s, no definitions of background and threshold were agreed upon. Today, the application of 

statistical methods in geochemical data analysis is universal and commonly detailed (Garrett, 

1988, Garrett and Chen, 2007, Grunsky, 2010, Reimann et al., 2008, Reimann et al., 2005), but 

there is still no universally accepted definition of anomalism or background (Reimann et al., 

2008). An operational definition was therefore required to carry out this work. The local 

background was defined as being the first Quartile (25
th

 percentile) Mean (1QM) MMI value 

for each element. 

The GEMAS MMI data (Mann et al., 2014, Mann et al., 2015b) from South East England 

(shown in full in Appendix 4.3) have been used to estimate regional background levels against 

which the MMI results of this research have been compared. 

1.4 Data storage 

Data referred to in the body of the thesis are stored in a series of Appendices for reference 

purposes. These Appendices also contain data which was used in the undertaking of the 

research but which are not referred to specifically in the thesis text. They are added for 

completeness.   

 

1.5 The Significance of this Research  

 

The current use of soil geochemistry for detection of anthropogenic activity still primarily 

relies on acid digestion followed by ICP MS or the use of portable XRF (pXRF) equipment to 

measure elemental concentrations in the field. The acid digestion technique commonly results 

in poor anomaly definition because of the low peak/background ratio problem, whilst pXRF 

suffers from high elemental detection limits (either at the % or ppm level cf. mostly ppb levels 

for ICP MS) thereby resulting in low anomaly definition and a limited range of detectable 

elements. Consequently, the use of soil geochemistry in archaeological investigations has been 
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retarded and its use falls well behind that of other techniques, particularly geophysics or remote 

sensing. 

The advent of Ligand-based partial extractions has corrected this circumstance. Ligand-based 

partial extractions such as MMI have proven to be extremely useful in detecting (even very 

small) soil geochemical anomalies produced from concealed mineral deposits. Experimental 

work has demonstrated that soil geochemical anomalies can be generated by transport of 

elements in solution derived from metal bearing solutions at depth (Mann et al., 2005) and also 

this study, as presented in Chapter 9. The transport process can be attributed in many cases to 

transpiration and the anomaly formed by deposition of the transported elements on suitable 

substrates by evaporation in the near surface zone. Whilst this process of geochemical anomaly 

formation is undoubtedly true for mineral deposit related anomalies, it is likely to be no less 

applicable in the formation of anthropogenic soil geochemical anomalies. Koch et al. (2004) 

examined the process of transport of water from depth in their study of trees and concluded 

from the physics that moisture can be transported from at least 120m depth by capillary action 

although no study was made of the roots at depth. This finding supported the observations of 

(Canadell, 1996) on maximum rooting depths of vegetation and demonstrates that the 

migration of elements in solution can be a significant mechanism for the secondary dispersion 

of elements. The mechanism of evaporation concentration is not the only capable of the 

generation of soil geochemical anomalies. Other processes include bio-turbation caused by 

worms (Stein, 1983, Van Nest, 2002), mammal burrowing (Balek, 2002),  crayfish burrowing 

(Robertson and Johnson, 2004), tree throw (Macphail and Goldberg, 1990), frost heave 

(Johnson and Hansen, 1974) and degradation of leaf litter (Lintern et al., 2013). 

 The evaporation concentration mechanism may have considerable importance in the transport 

of elements derived from archaeological materials at depth and their ability to be detected in 

the near surface environment. The MMI technique is designed to extract only those elements 

transported from a weathering (or weathered) source and adsorbed on clays, iron or manganese 

oxides or trapped in near surface pore waters. Such are the processes generally considered to be 

causative of the formation of anthropogenic geochemical soil anomalies. As such, ligand-based 

partial extractions like MMI are considered to be eminently suitable for use in archaeological 

investigations. 
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The value of MMI in archaeological investigations has been tested on a series of documented 

archaeological sites to determine if it is useful as a tool to provide enhanced site 

documentation, and as an archaeological prospection tool.  

It is envisaged that the results of these investigations will help cement the place of ligand-based 

partial extractions such as MMI as powerful archaeological investigative tools for rapid, 

effective site documentation (especially rescue archaeology) and archaeological prospection. 

1.4 Thesis structure 

 
This thesis is comprised of 11 chapters. 

 
A Background chapter follows this Introduction. It provides a history of the use of 

geochemistry in archaeology and an introduction to the use of partial extraction soil 

geochemical techniques. 

This is followed by a brief chapter detailing the sites investigated. 

Then follow 5 chapters providing the data derived from this research. 

These are followed by details of experimental work carried out to demonstrate a mechanism 

for the generation of soil geochemical anomalies derived from buried metallic materialThe 

results of the research are integrated in a discussion chapter which is followed by a final 

chapter on the drawn conclusions. 

1.5 Publications arising from the research 

 
The following papers have been produced as a result of this PhD research. 

 
SYLVESTER, G., MANN, A., RATE, A. & WILSON, C. 2015. The Application of mobile 

metal ion (MMI) geochemistry to the definition and delineation of a Roman metal 

processing site, St. Algar's Farm, Somerset, United Kingdom. Archaeologia Polona, 

53, 380-383. 

SYLVESTER, G., MANN, W., RATE, A. & WILSON, C. A. 2016a. Application of high 

resolution Mobile Metal Ion (MMI) soil geochemistry to archaeological 

investigations: an example from a Roman metal working site, Somerset, United 

Kingdom. Geoarchaeology, Accepted, 27 November 2016. 

SYLVESTER, G. C., MANN, A. W., COOK, S. R., RATE, A. W. & WILSON, C. A. 2016b. 

Deployment of MMI partial extraction geochemistry at Calleva Atrebatum: 
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resolution of anthropogenic activities at a Roman archaeological site in the U.K. In 

Preparation. 

MANN, A. W., DE CARITAT, P. & SYLVESTER, G. C. 2016. Degree of Geochemical 

Similarity (DOGS): a simple statistical method to quantify and map affinity between 

samples from multi-element geochemical data sets. Australian Journal of Earth 

Sciences, 63, 111-122. 

MANN, A. W. & SYLVESTER, G. C. 2015. Distribution of gold and silver in European soils; 

evidence of a Roman footprint? Archaeologia Polo 
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2. BACKGROUND - THE HISTORY OF THE USE OF SOIL CHEMISTRY IN 

ARCHAEOLOGICAL STUDIES 

 

2.1 In the beginning 

 

 

Soil chemistry was first applied to archaeological questions in the early 20
th

 century in the 

science now known as geoarchaeology (Renfrew, 1976), when Arrhenius (1931)  discovered 

that phosphate enrichment in Swedish soils was an indicator of prehistoric human occupation 

and could be connected with prehistoric sites and deserted mediaeval villages. Soil chemistry 

has since become an increasingly important tool in archaeological investigations; however, it 

has been employed much less than other prospection tools such as geophysics or remote 

sensing (Oonk et al., 2009a). There are two main reasons for this. The first is that it has been 

difficult to establish background concentration levels for elements in soils against which to 

gauge anthropogenic anomalies (Matschullat et al., 2000), and the second is that the processes 

of generating anthropogenic anomalies in soils are commonly unexplained. 

 

Much early geoarchaeological work focused on the use of phosphorus for site prospection 

(Sjoberg, 1976),  site delimitation (Heidenreich and Navratil, 1973, Konrad et al., 1983), site 

function and land use activity (Bethell and Carver, 1987, Conway, 1983, Craddock et al., 1985, 

Provan, 1971). Whilst still valuable in many contexts (Nielsen and Kristiansen, 2013), 

however, phosphorus has proved to be an unreliable indicator of human activity in some 

situations (Holliday et al., 2010, Entwistle et al., 1998, Oonk et al., 2009a). 

 

In the 1950s, a limited number of other elements (Ca, Cu, Zn, Pb, Mn) were found to be 

enriched in soils associated with prehistoric dwellings in Alaska (Lutz, 1951) and elsewhere 

(Sokoloff and Carter, 1952).  By the 1960s, Mg, K and Sr had been added to the list of 

elements which could be potential indicators of human activity (Cook and Heizer, 1965). 

 

The advent of ICP-AES and ICP-MS presented the opportunity  to analyse quickly, and at 

relatively low cost, a wide range of elements (Entwistle and Abrahams, 1997, Soltanpour et al., 

1996).  This resulted in the analysis of soils associated with archaeological sites for an 

increased number of elements potentially indicative of human activity (Middleton, 2004). For 
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an overview, see Oonk et al. (2009a).  In addition to P, Mg, Ca, K, Cu, Zn, and Sr, samples 

were then additionally analysed for Al, Ba, Fe, Mn, Ti (Knudson et al., 2004),  for Na (Beck, 

2007, Middleton and Price, 1996),  Au and Hg (Cook et al., 2006, Wells et al., 2000)  and rare-

earth elements (REEs) (Entwistle et al., 1998, Nielsen and Kristiansen, 2013). The availability 

of ICP-MS has now meant that many of these elements, which would be expected to be present 

in only trace amounts, even if they are anomalous, can be detected because of the low detection 

limits that this method provides. It is now possible to obtain data for more than 50 elements at 

low concentrations using ICP-MS and it is probable that this will result in the expansion of the 

number of elements which can be indicative of human activity.  

 

It is currently recognized that P, Ca, Cu, Ba, Sr, Zn and Pb are commonly enriched in many 

soils associated with human activities(Aston et al., 1998, da Costa and Kern, 1999, Linderholm 

and Lundberg, 1994, Middleton and Price, 1996, Pierce, 1998, Wells et al., 2000, Wilson et al., 

2005, Wilson et al., 2009). A much wider suite of elements (P, C, Cu, Mn, Ca, K, Fe, Th, Rb, 

Sr, Cs, Pb, Zn, Sr, Ba, B, Ni, Se, Na, S, Mo, Hg, Au, REE and heavy metals)  have been found 

to be enriched at some sites and associated with a number of different features (see Oonk et al., 

2009a). 

 

For an element to be useful for archaeological diagnostic purposes it must fulfil three criteria: 

(1) its concentration across a site must be altered by human activity, (2) the difference between 

the local and regional background concentrations of the element must be detectable and (3) the 

alteration must persist in the soil long enough for criterion 2 to be fulfilled so as to provide a 

lasting record of human activity (Entwistle et al., 1998) .  This third criterion is very critical 

and is one important reason that chemical signatures of human activity are not found as often 

as might be expected. Elements indicative of human activity most commonly occur in soils in 

the form of adsorbed and complexed ions on organic matter, clay mineral surfaces and iron and 

manganese oxides (Cresser et al. 2013), dissolved in interstitial pore waters and in some cases, 

as sulphides or carbonates. Whilst these signatures are likely to be preserved in environments 

which are arid, alkaline, oxidising and not subject to active erosion, they are likely to be 

removed under acid and reducing conditions (except in the case of sulphides which will not be 

removed under reducing conditions but will be removed under oxidising conditions). Under 

conditions of high temperature and rainfall, Zn and Cu for example, can be very mobile under 

acidic conditions (Pickering, 1986). In addition, bio-turbation caused by worms (Stein, 1983, 

Van Nest, 2002), mammal burrowing (Balek, 2002),  crayfish burrowing (Robertson and 
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Johnson, 2004), tree throw (Macphail and Goldberg, 1990) and frost heave (Johnson and 

Hansen, 1974) can disturb or destroy soil anomalies, as can ploughing and manuring 

(Hinchcliffe and Schadla-Hall, 1980, Jorgensen and Jorgesen, 1997) and atmospheric pollution 

(Bergkvist and Folkeson, 1989). 

 

2.2 The application of multi-element soil analysis to the identification of anthropogenic 

soil geochemical anomalies 

 

2.2.1 The range of investigations 

 

Despite the predations of nature described above, anthropogenic chemical signatures indicating 

former land use commonly do persist in lake sediments (Gale et al., 2004), caves (Shahack-

Gross et al., 2004), floodplains (Thorndycraft et al., 2004), wetlands (Beach et al., 2003) and 

soils (Middleton, 2004). Whilst the initial work of Arrhenius (1931) was useful for locating 

prehistoric human occupation sites, geochemistry has been used increasingly to document past 

domestic, agricultural and industrial processes (Davidson et al. 2006;  Eckel, Rabinowitz and 

Foster 2002; Nicholson et al. 2006;  Oonk, Slomp & Huisman 2009; Wilson, Cresser & 

Davidson 2006; Wilson, Davidson and Cresser 2009); as an interpretive tool in archaeological 

prospection (Aston et al., 1998, Bintliff et al., 1992, Entwistle et al., 2000a, Schlezinger and 

Howes, 2000); to aid interpretation of space use within and around archaeological structures 

(Cook et al., 2005, Griffith, 1981, Knudson et al., 2004, Middleton, 2004, Middleton and Price, 

1996, Parnell et al., 2002, Sullivan and Kealhofer, 2004, Terry et al., 2004, Wells, 2004, Wells 

et al., 2000, Cook et al., 2010); and for the identification of specific activities and functions at 

sites (Cook et al., 2006, Cook et al., 2005, Griffith, 1981, Knudson et al., 2004, Middleton, 

2004, Middleton and Price, 1996, Terry et al., 2004, Wells, 2004). Geochemical analysis has 

also been shown to be useful when localizing cultural disturbance and dwellings (Linderholm 

and Lundberg, 1994). Middleton (2004) emphasised that it is necessary to treat anthropogenic 

sediments holistically, and to investigate more than a single attribute of the sediment such as its 

phosphorus content, based on two studies from Ejutla, Oaxaca, Mexico, and Çatalhöyük, 

Turkey. More recently, use has been made of Pb isotope information to document the likely 

source of anthropogenic Pb anomalies (Renson et al., 2008, Wilson et al., 2005). 
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2.2.2 The geochemical characterization of sites and environments 

In a review of the use of soil geochemistry for archaeological site prospection and 

interpolation, Oonk et al. (2009b) compiled a table (Table 1, p38) of elemental suites found to 

be associated with different archaeological provenances. General archaeological sites were 

found to be enriched in Na, K, Ca, Ba, Mg, P, B, Cu, Zn, Ni, Mn and Se. 

 

The following sub-sections are incorporated to demonstrate that anthropogenic soil 

geochemical anomalies can be produced from a wide variety of sources and in many different 

geological, physical and environmental settings. It is probable that these anomalies were 

generated by a range of processes and whilst in this thesis attention has been paid to the role 

of transpiration and evaporation in the formation of anthropogenic soil geochemical 

anomalies it is recognized that there are other mechanisms that do also produce such 

anomalies. Some of these are covered briefly later in the thesis (pp388-389) but an in depth 

examination of this matter was well beyond the scope of this work. Its importance and the 

need for further work on this issue are noted in the Conclusions and Recommendations 

(p411).   

 

 

2.2.2.1 Houses, Crofts and Farms  

 Elements found in soils associated with houses include Au, Ba, Ca, Cs, Cu, Cr, Hg, K, Mg, P, 

Pb, Rb, REEs, Sn, Sr, Zn and Th. Iron has been found to be enriched in some cases and 

depleted in others, as has Mn. Farmhouse soils are commonly elevated in K, Rb, Cs, Ca, Sr, 

Mg, Ba, P, Fe, Pb, Zn and Th. Hearths have been found to be enriched in Ca, Cu, Mg, Pb and 

Zn. Potassium and P are commonly, but not universally enriched in hearth soils. 

 

Details of these findings are listed below.  

 

At Piedras Negras in Guatemala (Parnell et al., 2002), examination of house derived soils 

showed elevated concentrations of Ba, P and Mn were found to be associated with areas of 

organic waste disposal, whilst greater Hg and Pb concentrations were associated with craft 

production areas.  
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At Cancuen in Guatemala, enrichment of Hg, Au and REEs was found in the floors of Classic- 

period Mayan houses and was interpreted by Cook et al., (2006) to be the evidence of the 

presence of their former occupants (tools, ceramics, food remains). 

 Elevated concentrations of Sr and Ca were found to be associated with field areas, whilst 

greater concentrations of K, Rb and Th were reliable indicators of settlement on former crofts 

on the Isle of Skye (Entwistle et al., 1998, Entwistle et al., 2000b). 

 

Wilson and co-workers (Wilson et al., 2006b, Wilson et al., 2005, Wilson et al., 2008, Wilson 

et al., 2009) examined the geochemistry of soils from a number of abandoned post-mediaeval 

farms in the UK. Barium, Ca, Cu, P, Pb, Sr and Zn were the most useful trace elements for 

differentiating functional areas. Microprobe analysis carried out as part of this study 

demonstrated the importance of charcoal and bone to the enhanced concentrations of Ca, P, Sr, 

Zn, and Cu. Hearth areas were found to contain enriched Pb concentrations, very strong 

enhancement of Ca, with both Zn and Cu strongly concentrated.  

 

Lead isotope analysis (Meharg et al., 2006, Wilson et al., 2006a) has confirmed the hearth as 

the source for a significant proportion of Pb loadings on such sites.  

 

Oonk et al. (2009c) examined the geochemistry of soils associated with Roman and late Bronze 

Age houses in the Netherlands, using a dilute acid extraction method. At both sites, the soils 

associated with the houses showed a universal enrichment in Cu, Cr, Sn and Nd, and depletion 

in Fe and Mn (c.f. Oonk et al. (2009b) which found Fe enrichment associated with 

farmhouses). There was also a soil-specific enrichment for other elements. Sandy clays were 

enriched in Ca, Na, K, Mg, Zn, Ni, Cr and Sr, whereas for clays Na, Cr and Ba were enriched. 

Sands were positively anomalous in Mg, P, Cu, Zn, Ni and Cr. In a study of domestic soil from 

the Roman farmhouse at the Tiel- Passewaaij site in the Netherlands, Oonk et al. (2009c) used 

a variety of analytical methods (XRF, dilute (10%) HCl extraction and a four step sequential 

extraction) to investigate the geochemistry of the soils. The soils contained anthropogenically 

elevated concentrations of Ca, Cu, P and Zn; this was the case irrespective of the extraction 

methods applied 

 

2.2.2.2 Middens 

Middens are surprisingly fluid entities and produce large volumes of material culture in 

archaeological sites (Beck, 2007, Parnell et al., 2001). Midden trash from the village of Dalupa 
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in the Philippines was examined by Beck (2007) to establish its geochemical profile. Samples 

were analysed for 12 elements using ICP-AES after a weak acid dissolution. Results indicated 

enrichment in Ca in the cultural areas and P concentrations steadily increased with increasing 

human impact. By way of contrast, Wilson et al. (2009) found little (and site specific) 

enrichment of these elements in soils of the middens of abandoned post-Mediaeval farms in the 

UK. 

 

2.2.2.3 Fish camps 

Fishing camps have been found to contain elevated concentrations of Ca, Fe, K, Mg, Na, P and 

Sr with the hearths containing higher Mg concentrations but not elevated K and P.  

Knudson et al. (2004) studied the chemical composition of soil samples collected at two 

modern fish camps in the Yukon–Kuskokwim Delta of western Alaska to elucidate chemical 

soil signatures associated with seasonal subsistence fish camps and the activities performed 

there. Even though the anthropogenic concentrations of elements were not very elevated, it was 

possible to delineate activity areas based on their chemical signatures. Fish processing areas 

were elevated in Ca, K, Mg, Na and P compared with soil samples taken outside of these 

activity areas, and samples taken from beneath the covered drying rack were elevated in Ca, 

Fe, K, Mg, Na, P and Sr when compared to samples taken 2 m from the drying rack. The 

hearths showed higher Mg concentrations but did not exhibit elevated K and P concentrations.  

 

2.2.2.4 Burials 

Burial mounds and burial sites can contain elevated concentrations of Ca, Cu, Mn and P. 

Bethell and Carver (1987) examined the geochemical signature of an inhumation at Sutton Hoo 

and found P concentrations to be clearly enhanced, Cu concentrations slightly lower in the 

body silhouette and no difference between body and background in the concentration of Mn. It 

was concluded that the “signature” for a given residue is not necessarily one that will be 

repeated under other burial conditions. Keeley et al. (1977) examined a body “stain” from the 

Anglo-Saxon cemetery at Mucking, Essex (England) and found concentrations of P, Mn and 

Cu were higher in the body silhouette than in the surrounding soil (p. 23). Sampiettro and 

Vattuone (2005) have differentiated burial sites, plant storage and animal processing in a 

domestic site in Argentina using soil geochemistry. The Oonk et al. (2009b) review, listed P, 

Cu, Mn, and Ca as being present in elevated concentrations in burial mounds. 
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2.2.2.5 Lead smelters 

Lead and other heavy metal contamination in the vicinity of smelting centres may leave 

marked chemical signals in soils (Davies and Ballinger, 1990, Davies and Ginnever, 1979, 

Dearing et al., 1996, Dunster et al., 2012, Hammond, 1982, James, 1999, Little and Martin, 

1970, Markus and McBratney, 2000, Markus and McBratney, 2001, Wild and Eastwood, 

1992). Davies and Ballinger (1990) analysed samples of soil covering the western Mendip 

Hills and parts of the Somerset Levels (about 20 km west of St Algar’s Farm) to quantify lead 

contamination in soil and traced it through soil to plants and animals to establish the risk to 

human health. They sampled an area of 600 km
2
 and found that most of the Mendip Hills soils 

had lead concentrations in excess of 200 ppm. A follow-up survey targeted specific anomalies 

and found lead concentrations up to 87,000 ppm (8.7wt %), which were considered to possibly 

be associated with drainage from lead works at Priddy (a few kilometres to the north-west).  

 

Wild and Eastwood (1992) carried out a systematic survey of parts of north east Derbyshire to 

assess the effects of a modern and historic lead smelting works. Soil samples taken at a density 

of 5 per km
2
 showed some areas with lower concentrations (<50 ppm) of Pb while many of the 

strongest anomalies (>500 ppm Pb) were coincident with historically known lead smelting 

sites.  

 

In studies designed to learn more about the secondary transport of metals from old and 

relatively ancient metal processing sites, Maskall and various co-workers  (Maskall et al., 

1996, Maskall et al., 1995) looked at the vertical migration of a range of metals in samples 

taken from cores drilled to test five buried historical lead smelters ranging in age from 600 to 

1800 years old. These investigations provided strong evidence of the rate and nature of 

secondary mobility of metals within the soil profile overlying the smelter sites. Lead was 

strongly concentrated in the surface soils (to concentrations commonly in excess of 1%) but 

only part of this concentration was due to transportation of lead in solution. Lead was also 

occluded within slag grains remaining as weathered fragments in the soil overlying the smelter. 

Anomalously elevated concentrations of zinc were also found to be present within the soils. It 

was also found that there was no significant horizontal dispersion of these ore forming metals, 

a situation believed to be resultant from the alkaline pH of the surface soils due to the presence 

of calcium (present as oxide, hydroxide, carbonate or a mixture of these) in the surface soils as 

a result of weathering of the furnace slag. At alkaline pH both lead and zinc may form 

relatively insoluble carbonates which may have contributed to the prevention of further 
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significant dispersion. It is noteworthy that even under alkaline conditions zinc will show 

greater mobility than lead. At more acid or neutral pH, zinc is far more mobile, an observation 

made by Mighall et al. (2009) under the acidic bog conditions at Borth.  

 

In a study of agricultural soils and human inhabitants in the vicinity of base metal mining 

and smelting operations in southern China, Meryem et al. (2016) found enrichment of REEs  

in the soils, human hair and urine which they attributed to materials primarily derived from 

the smelting operations. Both of these human products commonly leave geochemical 

signatures in soils associated with archaeological sites (Cook and Heizer, 1965, Entwistle et 

al., 1998) and the observed REE enrichment in this modern environment may be indicative 

that similar enrichments may be present in soils associated with archaeological sites in the 

vicinity of mining and smelting operations. 

 

In addition to geochemical soil anomalies, soil magnetic susceptibility may be altered where 

oxidation/reduction processes caused by intense burning transform iron oxides, as at hearth 

sites (Tite, 1975). 

  

2.2.2.6 Copper smelting 

Grattan and various co-workers (Grattan et al., 2007, Grattan et al., 2013) have established an 

eight thousand year history of anthropogenic metal pollution at one of the oldest, most 

important and longest sustained sites of the extraction and smelting of copper ores in the Old 

World: the Faynan Orefield in Jordan. The modern land surface is a complex palimpsest of 

archaeological sites, metal pollution of various ages and ore processing deposits. Over the last 

1500 years, metals were removed by natural processes at a comparatively slow rate given the 

scale of the original anthropogenic metal burden. The study has shown that the proportions of 

lead with respect to copper have increased as the overall metal burden has been lowered. 

Distinctive anthropogenic metal-pollution signatures were detected in ash and charcoal-rich 

deposits discarded onto the banks of a perennial stream in the late Neolithic. Substantial metal 

pollution from industrial-scale smelting activity was present from the Early Bronze Age, and 

the intensity of heavy metal pollution produced in Classical Times locally exceeded that 

recorded at major European copper smelting centres in the nineteenth century CE. 
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2.2.2.7 Atmospheric pollution in peat bogs 

Evidence of atmospheric pollution as well as locally transported metal pollution from ancient 

mining and processing sites can also be found in peat bogs (Shotyk, 2002) and lake sediments. 

Shotyk (1996) demonstrated that ombriotrophic peat bogs (fed only by rainwater) can trap and 

provide a temporal history of air pollution. The ability of these bog profiles to  retain their 

chronological reliability was demonstrated by Mighall et al. (2002) in  studies of atmospheric 

copper pollution from the prehistoric copper mines at Copa Hill and atmospheric Pb-Zn 

pollution from ancient lead-zinc mining in the Ystwyth Valley, both in mid-Wales. Cloy et al. 

(2005) also verified the integrity of such profiles in their study of the distribution of lead and 

antimony over a period of 2500 years in core from the Flanders Moss ombriotrophic peat bog 

in Scotland. A further example of the use of the geochemistry of peat bog and lake sediment 

samples in the study of atmospheric lead and heavy metal pollution over time is given by De 

Vleeschower et al. (2007) in their study of such pollution spanning two millennia in a peat bog 

in Belgium, which documented four periods of pollution including  one of Roman Empire age 

characterized by local pollution sources from Pb–Zn ores mining and agriculture activities. 

Renson et al. (2008) linked the lead pollution found in bog samples taken from beside a Roman 

road in Belgium with lead ore that had fallen from carts transporting the material from mines 

some 30 km away, verified by the match in lead isotope ratios from the mine ore with those of 

the bog samples. Eight Early Bronze Age mines as well as a number of possible prehistoric 

lead mining sites have been identified in Wales by excavation and radiocarbon dating 

(Timberlake, 2003b, Timberlake, 2003a). Excavation has confirmed the presence of a lead 

smelting site of Roman to early medieval age in the Ystwyth Valley (Timberlake, 2002) whilst 

mining of Roman and medieval age is believed to have been carried out on a number of more 

ancient lead mining sites in Wales (Timberlake, 2004). Geochemical analysis has played an 

important part in the discovery and documentation of many of these sites in Wales, a number 

of which are concealed beneath bogs. 

Metal accumulation in peat bogs derived locally from ancient mining or mineral processing 

operations has been documented by Mighall et al. (2002) in the Copa Hill study. Mighall et al. 

(2009) identified elevated copper and lead levels in bog samples dated at Cal BC 3016-2867 ( p 

1511) from Borth, Wales and related them to some of Britain’s earliest mining/mineral 

processing operations. Mining related atmospheric pollution from copper and lead 

concentrations was identified higher in the profile and dated at Cal BC 1026-842. A lead peak 

dated at Cal AD 133-341 (Mighall et al. 2009, p1509) was also found. This is consistent with 

the known date of Cal AD 20-220 (Mighall et al. 2009, p 2005) obtained from the nearby 
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Roman lead smelting complex at Erglodd Farm (Borth, in Wales). The latest phase of lead 

pollution at around Cal AD 1026-1117 was also identified, thereby indicating unknown 

medieval mining at this site. 

 

2.3 The processes of anomaly formation and the partitioning of metals in soils   

 

A major problem remaining to be answered in relation to the formation of anthropogenic 

geochemical anomalies in soils is; what are the processes of their formation? Walkington 

(2010) has made a thoughtful examination of this problem. It has been well established that 

copper, and to a lesser extent, Pb and Zn are more readily transported in acid solution 

(Caporale and Violante, 2015, Cerqueira et al., 2011, Elbana and Selim, 2011, Temminghoff et 

al., 1997) and that pH has a significant effect on the sorption/precipitation processes likely to 

be involved in formation of soil geochemical anomalies (McBride, 1989). Consideration of this 

issue has led to the increased use of dilute acid and non-acid digestions to enable enhancement 

of the anomaly peak/background ratio and to gain information on elemental speciation which 

can shed light on the anomaly formation process. 

 

Oonk et al., (2009c, p39) observed that retention and sequestration of elements in soils are 

rarely governed by a single process and that adsorption, occlusion, ion exchange, chelation and 

precipitation reactions together with factors such as waste and soil composition, soil pH, redox 

conditions, grain and pore size can be responsible for the preservation of inorganic signals in 

archaeological soils. Consequently, choosing an appropriate analytical method to study 

archaeological soils requires an assessment of the soil phases that act as carriers of 

anthropogenic elements.  

 

Selective adsorption by means of surface complex formation and non-selective adsorption of 

metal ions by diffuse clay layers are considered by Oonk et al.( 2009c, p43) to be major 

processes which lead to the accumulation of trace metals in soils. Precipitation and co-

precipitation and a number of macro-scale, mechanical processes, including bio-turbation 

caused by worms (Stein, 1983, Van Nest, 2002), mammal burrowing (Balek, 2002), crayfish 

burrowing (Robertson and Johnson, 2004), tree throw (Macphail and Goldberg, 1990) and 

frost heave (Johnson and Hansen, 1974) may also contribute to the process. However, as 

noted previously, bioturbation processes may also contribute to the destruction of existing 
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soil geochemical anomalies. 

 

It is important to note that the behaviour of metals in soils is element specific. Kumpiene et al. 

(2007) suggest that copper, one of the most promising anthropogenic indicators, shows 

significantly higher retention in acidic soils than in alkaline soils. This suggestion is counter to 

the commonly accepted view that copper is more mobile under acid conditions than alkaline 

(Caporale and Violante, 2015, Cerqueira et al., 2011, Pickering, 1986).  The adsorption of Cu 

onto clay minerals, phosphates, carbonates and sulphides enhances Cu retention (Kabata-

Pendias, 2000). Ponizovsky et al. (2007) conjecture that the retention of Cu may result from 

interactions with Al and Fe (oxy) (hydr) oxides to form (and precipitate) Cu (oxy)(hydr)-oxides 

and Cu carbonates, probably by a combination of several mechanisms. Zinc retention shows 

trends similar to Cu, but is relatively mobile and exchanged by other trace metals (Cao et al., 

2004). Retention of Zn mainly occurs through interactions with phyllosilicates (Manceau et al., 

2004), adsorption and coprecipitation with metal (oxy)(hydr)oxides, carbonates, phosphates 

and sulphides (Dzombak, 1990, Kabata- Pendias, 2000, Sparks, 2005). Pb can be  strongly 

retained in soils through interactions with clays and organic matter and precipitation with 

phosphate to form stable minerals such as pyromorphite (Chen and Ma, 1998). 

 

A better understanding of the chemical forms (speciation) by which metals are transported and 

deposited will add greatly to the understanding of the processes of formation and preservation 

of anthropogenic soil geochemical anomalies. 

Soil geochemical anomalies derived from weathering mineral deposits and detectable by partial 

extraction techniques (introduced in Chapter 1) may be developed in (geologically speaking) 

relatively short periods of time. In some cases the MMI (Mobile Metal Ion) technique has 

readily detected and defined metal anomalies in exotic overburden and derived from buried 

mineral deposits. At both the Hunt Zone in Manitoba and Cross Lake in the Abitibi Belt of 

Ontario (Mann et al., 2005) base metal anomalies and gold anomalies have been developed in 

glacial tills and clays which are just 8,000 years old. Gold anomalies have also been observed 

in overburden from the 1883 Krakatoa explosion above auriferous quartz veins located some 

metres below (M. Jones, R. Fripp, pers. comm.). Experimental evidence suggests that both base 

metal and gold and silver anomalies can be observed in the surface sand layer of  self -watering 

flower pots above solutions containing the metals within 3-4 weeks of  inception (Mann et al., 

2005). There is good reason to believe that a ligand-based partial extraction method such as 
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MMI will be similarly effectual in the detection of anthropogenic soil geochemical anomalies 

indicative of buried archaeological features. The ‘Flower Pot’ experiments carried as part of 

this research, and described fully in Chapter 9, add some evidence to support this proposition. 

 

2.4 Extraction/digestion 

 

The analytical capacity of ICP, in particular ICP-MS, has enabled the detection of greater 

numbers of elements at lower concentrations than was possible in the early days of 

archaeological geochemistry. The fundamental point, however, is that an anthropogenic soil 

geochemical signature (anomaly) at any site is based upon the contrast between the 

anthropogenic signal and the background. When total or strong acid digests are utilized the 

detected background concentrations of most elements will be higher (than for weak acid or 

non-acid extractions) because a substantial contribution to it will come from dissolved 

lithologic material. The anthropogenic contribution to the measured value is therefore likely to 

be relatively small in these cases, resulting in a low anomaly/background ratio. Therefore, even 

with lower detection limits for elements the problem of differentiating anomalies from 

background remains. It is only by reducing the background concentrations that the 

anomaly/background ratio can be effectively enhanced. Consideration of this issue has resulted 

in the use of a range of digestion and extraction techniques in conjunction with a variety of 

analytical procedures.      

 

The complex behaviour of trace elements in soils makes choosing a suitable extraction method 

difficult and has resulted in the emergence of combined multi-element and multiphase soil 

extraction studies (Oonk et al. 2009c, p42). Recent studies report a wide range of opinions on 

the proper method of extraction (Middleton 2004, p52). Middleton (2004, p52) further 

observes that extremely mild extraction procedures may overlook significant features of 

anthropogenic chemical activity. Elements such as titanium and tin, when in mineral forms 

such as rutile (TiO2) and cassiterite (SnO2), have limited solubility in aqueous solutions and 

therefore may not be readily detectable by the use of mild extraction techniques. Some of the 

elements having low or minimal dissolved concentrations can be very useful in identifying 

variations in parent material and differentiating between anthropogenic and geochemical 

processes. In contrast, total digestion provides the total elemental composition of the soil, 
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which is dominated by the soil's mineral fraction. These mineral constituents can overwhelm 

the anthropogenic component, particularly in soils with high clay content.  

 

A review of selective sequential partial-extraction techniques (Wilson et al., 2006b) has 

shown that the 3-step original and revised BCR (Rauret et al., 2000) and 5-stepTessier 

(Tessier et al., 1979) extraction protocols have been the most commonly used techniques. 

However, even these standard protocols are routinely ‘modified’ to suit specific 

conditions. In geosciences, a widely used technique is the application of sequential 

selective chemical extractions (Gleyzes et al., 2002, Tessier et al., 1979). Most sequential 

extraction protocols focus on five fractions. These are: exchangeable, carbonates, Al, Fe 

and Mn-oxides (commonly subdivided into’ amorphous’ vs. ‘crystalline’ or ‘acid soluble’ 

vs. reducible’), organic matter and recalcitrant residuals, commonly containing sulphide 

minerals (Tessier et al., 1979). Various combinations of the reagents have been used to 

carry out this procedure, which is time consuming and not simple to undertake. Sequential 

extraction methods have also commonly been criticized due to the lack of uniformity in 

procedures, selectivity of the reagents, quality control and consistency of results (Gleyzes 

et al., 2002). 

 

Middleton (2004) and Middleton and Price (1996) showed that, in many cases, different 

extraction/digestion techniques produced similar results; on sites where there is a strong 

anthropogenic input to the soils it makes little difference which extractive technique is utilized. 

The real benefit of techniques that do not dissolve substantial amounts of soil minerals is that 

any anthropogenic elemental input is not swamped by that from the lithogenic soil minerals. 

The anthropogenic peak/background ratio is higher and even if the absolute concentration 

values are low, the enhanced peak/background contrast produces more definable anomalies 

(Mann, 2010, Wilson et al., 2006b). 

 

Mann (2010, p18), in his definitive paper on the MMI geochemical technique, emphasises that 

the distinction between a partial digestion and partial extraction is technically important and 

needs to be recognised. A partial digestion is one in which part of the soil matrix is dissolved 

(as opposed to conventional or total digestion where the entire soil sample is dissolved). It can 

be either selective or non-selective. In the case of a selective partial digestion, it is the aim of 

the digesting solution to dissolve preferentially one of the soil phases (e.g. amorphous iron 

oxide or organics), whereas a non-selective digest dissolves some of several, or all, matrix 
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phases along with their contained or adsorbed elements. A partial extraction attempts to 

dissolve or detach analytes from the soil matrix without dissolution of the matrix. 

 

2.5 The Mobile Metal Ion (MMI) extraction technique 

 

One of the primary aims of MMI is to achieve desorption/dissolution of particularly the 

adsorbed elements, many of them metals, without significantly dissolving the substrate to 

which they are attached. 

 

The Mobile Metal Ion (MMI) technique is based on a neutral-alkaline solution containing 

both organic and inorganic ligands (Mann, 2010). The ligands provide complexing ability, 

whilst the lack of an aggressive acidic (or alkaline) component ensures that during extraction 

the soil matrix is not dissolved The analytical signal is most likely derived predominantly 

from adsorbed and loosely attached ions on the exterior of grains and grain boundaries. The 

amount of each element extracted is much lower than obtained by total (XRF) or by acid 

extraction (e.g. aqua regia) but the improved signal to noise ratio due to reduction in 

background has resulted in the technique being widely used in mineral exploration (Mann et 

al, 1998); there is also an increased efficacy for resolution of anthropogenic anomalies 

(Mann et al, 2015) by discriminating against matrix material. The sampling requirements for 

MMI are very simple. Samples are taken at a depth of 10-25 cm below surface, where 

experience has shown that adsorbed ion concentrations are at a maximum. The sampling 

protocol is given in (Mann, 2010). 

When combined with ICP-MS (capable of returning low concentrations for over 50 

elements) the MMI technique provides a potentially very powerful tool for archaeological 

investigation. Its application in detecting and defining anthropogenic soil geochemical 

anomalies is described in Sylvester et al. (2016). 

Ligand-based soil extractions are one way of achieving adsorbed metal dissolution whilst 

minimizing problems of re-adsorption. The extracting solution should contain a strong 

ligand (an inorganic or organic species that has strong complexing affinity for the 

analyte) for each analyte that is capable of complexing with, and detaching adsorbed ions, 

and converting them to soluble species (Mann, 2010). Some ligands can complex a 

number of metals but in general metal-ligand chemistry is very specific (Lindsay and 
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Norvell, 1978) and for multi- element extraction a range of ligands is required (Mehlich, 

1984). Chao (1984) pointed out that partial dissolution techniques do not isolate metals 

which can be genetically related to individual components and the same caveat can also 

probably inferred for partial extractions (Mann, 2010, P18).  The function of the ligands 

is to form soluble complexes with all analytes. Ligands must have a concentration in the 

extractant solution considerably higher than expected for the analytes. 

 

It can be deduced from the above, that the application of a partial extraction technique such as 

MMI is likely to provide considerable benefit in the assessment of soils having anthropogenic 

inputs. The sampling is easy, sample preparation is simple, extraction is a one-step process 

which requires the use of only one ligand solution, is rapid and because of these benefits it is 

very cost effective. When combined with ICP-MS (capable of returning data on 53 elements) 

it provides a potentially very powerful tool for archaeological investigation.  

 

2.6 The potential uses of MMI geochemistry in archaeological investigation 

 

There are two ways of assessing the validity of chemical signatures in archaeological contexts: 

identifying archaeological features through excavation and comparing them to the soil analysis, 

and vice versa (Parnell et al., 2002). 

 

Consistent with Parnell’s propostion, a two-pronged investigation of the use of MMI 

geochemistry for archaeological investigations has been undertaken. The first of these is to 

carry out investigations on well documented archaeological sites to test the efficacy of the 

method. Four sites in the UK have been investigated. The second is to examine geochemical 

and/or geophysical anomalies that have been detected during previous investigations and which 

may have anthropogenic association.  

 

Sites for this research were carefully selected so as to allow the evaluation of both of Parnell’s 

criteria and to compare the MMI results with those obtained from sites for which characteristic 

elemental assemblages have been shown in Section 2.2 above.  Details of the sites selected are 

given in Chapter 3.  
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3. SITES UNDER INVESTIGATION  

Three Roman Age sites of differing types and a C17-18 rural farm site were selected for 

sampling. These were; 

 

The St. Algar’s Farm, Selwood, site in eastern Somerset, UK. At this site, a building 

interpreted as a Roman winged corridor villa surrounded by a 100m × 100m linear enclosure 

has been found (Dungworth et al., 2013). A track way runs from east to west with the villa 

enclosure on the south side and evidence of additional settlement activity on north side. 

Limited excavation has recovered waste from glass and silver-lead industries. The silver-lead 

working is indicated by the recovery of almost 25kg of metallic lead and litharge. 

Dungworth, Comeau & Lowerre (2013) have detected a series of multi-element geochemical 

anomalies from surface soils by use of the portable XRF (pXRF) technique. The objectives at 

St. Algar’s Farm are to test the MMI response in the areas of pXRF anomalism, and to more 

clearly define and characterize the anomalies. This should be possible because of the much 

lower detection limit provided by the ICP-MS measurement following MMI extraction, in 

comparison to that of pXRF. 

 

The Roman town-site of Calleva at Silchester, near Reading, UK. At Calleva, Cook et al. 

(2010), Cook et al. (2005) found evidence of copper alloy and precious metal working from 

XRF and total digestion ICP-MS analyses, and magnetic gradiometry has indicated possible 

areas of burning associated with metal working. Investigations at Calleva were carried out to: 

compare MMI with previous geochemical results; attempt to more clearly define the metal 

anomalies; try to expand the range of anomalous elements, and; examine the magnetic 

anomalies to see if they are co-located with any distinctive soil geochemical anomalism. A 

reconnaissance scale MMI soil sampling programme was also undertaken to document the 

site and discover what (if any) MMI geochemical response is present over areas previously 

excavated, and areas where future excavations are planned. 

The Roman site at Binchester, close to Bishop Auckland near Durham in Yorkshire, UK. A 

Roman fort and associated settlements at Binchester have been evaluated and excavated by 

Archaeological Services, Durham University in 2009-15. Locations believed, from 

interpretation of the ground magnetic gradiometry data, to have been associated with stock 

yarding, metal working and drainage from a bathhouse (excavated) were selected for 

sampling. The magnetic anomalies were examined to see if they are associated spatially with
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 any distinctive soil geochemical anomalism so as to test the prospective potential of 

MMI, attempt to clearly define the metal anomalies and to try to expand the range of 

anomalous elements associated with differing archaeological contexts. 

The C17-18 rural farmlet of Easter Tombrek, adjacent to Loch Tay in central Scotland, UK. 

At Easter Tombrek, Wilson et al. (2006), Wilson et al. (2005), Wilson et al. (2008), Wilson 

et al. (2009) have carried out extensive geochemical investigations using strong acid 

digestions followed by ICP-AES analyses on soils and buried archaeological features 

(hearths) from the old farm buildings and associated structures. The objectives at this site 

are: to compare the MMI responses with those previously obtained by Wilson, and to 

attempt to broaden the range of elements indicative of anthropogenic activities in the various 

contexts previously characterized. In addition, the prospection capability of MMI will be 

tested on a site located approximately 100m upslope from the investigated Easter Tombrek 

site. At this site the 1769 survey plan of Farquharson (Farquharson, 1769) showed the 

presence of farm buildings, no remains of which are observable today. The buildings have 

been completely destroyed over time but evidence of their previous existence may be 

retained as a soil geochemical signature. 

 

A map of the UK showing the location of sites investigated is shown in Figure 3.1. 
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Figure 3.1 Map of the UK showing the location of sites investigated. 
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4. ST. ALGAR’S FARM, SELWOOD 

This chapter is largely published as:  

SYLVESTER, G.C, MANN, A. W., RATE, A. W. & WILSON, C. A. 2017. Application of 

high resolution soil geochemistry to archaeological investigations: an example from a Roman 

metal working site, Somerset, United Kingdom. Geoarchaeology. Accepted, 27 November 

2016. 

4.1 Introduction 

St. Algar’s Farm dates from the 14
th

 century and was named after the ancient AElfgar of 

Selwood (now St. Algar), who was thought to have been an Anglo-Saxon hermit. It is situated 

in Selwood Parish, Somerset County and is located some 6km south of the town of Frome and 

about 25km south of the city of Bath (Figure 4.1). The area is centred at 51°10'31.2"N 

2°18'39.0"W with UTM grid reference Zone 30U 548200E 5669500N. 

 

St Algar’s Farm lies on undulating land in the valley of the River Frome. It is currently under 

permanent pasture and used for cattle grazing. It has been subject to some ploughing in the 

past few decades but has not been under cropping in living memory (Mr. Angus Mackintosh, 

pers. comm.). A Google Earth image of the farm is shown in Figure 4.2. The site has a 

maximum elevation of approximately 108m above mean sea level, slopes gently to the east 

and flattens towards an irrigation channel which extends from the nearby Frome River and the 

farm pond, where the elevation is about 98m above mean sea level. 

 

The soil at the site is clay rich, grey in colour, shows little visual variation with little or no 

evidence of a humic near surface layer. It has been mapped as Soilscape 18 of the Soilscape 

Soil Types map of England (Cranfield Soil and Agricultural Institute, nd). These soils are 

classified as slowly permeable, seasonally wet, loamy to clayey, commonly drainage 

impeded, moderately fertile, low carbon grassland soils which drain into the local stream 

network. At the time of sampling the soil was waterlogged.  

 

The St. Algar’s Farm area is recorded (Dungworth et al., 2013) as being underlain by 

limestone. However, the British Geological Survey (BGS) show (in BGS Mapview) the area 

is underlain by a basement of Jurassic shallow marine deposits consisting of lithic and mineral 

fragments deposited as mud, silt and sand which are underlain  by limestone. It is possible 
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that local erosion has exposed the limestone and this may account for the discrepancy 

between the Dungworth et al. (2013) description and that shown by BGS regional Mapview.  

The basement is overlain by Quaternary silt, sand and gravel deposited from rivers as channel 

fill, terrace deposits and flood plain alluvium. It is from these Quaternary sediments that the 

local soil at St. Algar’s Farm appears to be developed. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.1 St. Algar’s Farm location map, showing places referenced in the text. Map tiles 

generated using the R package OpenStreetMaps (Fellows, 2013) 
 

 

 

 

Figure 4.2 St. Algar’s Farm site showing the fields in which sampling was undertaken. (Image 

from Google Earth). The UTM Zone is 30U. 
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4.2 Site description 

The site consists of two fenced fields separated by a field boundary of posts, barbed wire and 

shrubs. A modern farm track (on the same route as an ancient track) extends from the farm 

complex westward across the eastern field and enters the western field through the gate in the 

dividing fence. It provides the access to the main area where archaeological investigations 

have been undertaken. Figure 4.2 is a Google Earth image of the site. Close examination of 

the image reveals crop markings in a broadly rectilinear pattern in the western field which are 

indicative of some of the underlying archaeological features. 

4.3 Previous work 

4.3.1 Initial Site Investigations 

A Roman site was discovered in the vicinity of St. Algar’s Farm in 1967 (Massey, 1967) from 

which finds of mixed pottery, pieces of brick tiles and fragments of Old Red Sandstone were 

recovered (Ordinance Survey Archaeological Division 1974). The site was field walked by 

one of the landowners (Mr. Mackintosh). Surface finds included pottery, coins, lead objects, 

pewter objects, and building material from the 1
st
 century through to the 4

th
 century CE 

(Dungworth et al., 2013, Lambdin and Holley, 2012, Lambdin, 2011). A listing of these finds 

is given in Lambdin (2011, p7). A trial excavation in 1971 removed the topsoil to a depth of 

about 14cm over an area of 400m
2 

in the Tophill Mead field and indicated the presence of a 

possible large villa or settlement. The exact location of the area where the soil was removed is 

not known exactly nor is it known if the soil was replaced after excavation, but it is most 

probable that the excavation was refilled. At Calleva (Chapter 6) where significant amounts of 

soil were removed to expose the forum basilica there was a significant and well defined 

difference in the geochemistry of the soil in this area from that over the rest of the site. The 

fact that no such disruption to the anomalous soil geochemistry pattern was observed at St. 

Algar’s Farm and that visual soil profile over the sampled area was relatively uniform and 

showed no evidence of disruption, and that the peak soil geochemical anomalies were situated 

over the areas known from excavation to be over the metal processing sites is indicative that 

there has been little significant disruption caused by the 1971 work.  Considerable quantities 

of   3
rd

 – 4
th

 century CE pottery, lead objects and tesserae were recovered from the area 

(Thomas, 1971a, Thomas, 1971b). It is possible that occupation was continuous over this 

period. 

The area has been Scheduled by English Heritage as Somerset Scheduled Monument SO 390, 

HA 1006153.  
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4.3.2 Geophysics 

Between 2010 and 2013 the Bath and Camerton Archaeological Society carried out a 2,500m
2
 

geophysical survey on the site (Lambdin 2011). The geophysical work carried out consisted 

of a ground magnetics gradiometer survey in conjunction with a resistivity survey (including 

very limited depth profiling) and a very limited ground penetrating radar. The gradiometer 

survey clearly showed ground disturbance from what appeared to be boundary walls 

surrounding the villa and the potential mausoleum at the western end at the top of the field. A 

north west trending possible trackway was noted, as was a collection of possible pits and 

postholes to the north of the trackway which indicate potential settlement activity to the north 

of the villa. The potential settlement activity continues down the slope to the east into ‘East 

Field’ and extends to the top of the field in the west. 

 

The resistance survey results quite clearly showed (as interpreted by Lambdin (2011)) a 

winged corridor villa with internal walls visible indicating the position of rooms. An area of 

high resistance in the centre of the villa was thought to correspond to an area of roof collapse. 

To the northwest of the villa there are walls which could belong to an ancillary building or an 

earlier building underneath. The villa appears to be enclosed by a boundary wall of which 

three sides are visible, each measuring about 100m. There also appears to be a building, by 

location possibly a gatehouse, directly in front of the villa running alongside the boundary 

wall, with other walls and features inside the enclosed area. There is also an area showing 

high resistivity north of the villa, in the area on the gradiometer survey where settlement 

activity was indicated with possible walls and numerous other features. The survey revealed a 

40m by 40m boundary wall at the top of the field, with what appears to be a 5m by 5m 

structure within it. There are small pockets of high resistivity within the boundary walls which 

could be burials. 

 

Figure 4.3 is a plot of the magnetic gradiometry taken from Dungworth, Comeau & Lowerre 

(2013) and shows additional magnetic information derived from work carried out subsequent 

to that and reported in Lambdin (2011). The additional data on this plot shows the current 

(and probably also the ancient) track from the farm complex to the Topmead Field. This 

compilation has been used as a reference base for the plotting and placing the results of the 

current work into archaeological context. Figure 4.3 shows the magnetic gradiometry 
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annotated with the locations of the features of possible archaeological significance. Figure 4.4 

is a plot of the resistivity data annotated with likely archaeological information. 

 

        

Figure 4.3 St. Algar’s Farm ground magnetic gradiometry taken from Lambdin (2011) and 

modified by the addition of gradiometric magnetic data in the north eastern area of the site 

subsequently obtained by Dungworth et al. (2013). Light coloured features represent high 

magnetic dipole. No grey scale information was available, so it was not possible to match 

shades of grey with actual magnetic dipole values. Features of potential archaeological 

significance are shown (taken from Lambdin 2011). The co-ordinates are UTM Zone U30. 

 

  

 



55 

 

 

 

                                                                                   N                

            0                                  100m 

 

Figure 4.4 St. Algar’s Farm resistivity annotated with the location of features of possible 

archaeological significance (after Lambdin 2011). Areas of high resistivity are lighter 

coloured. No grey scale information was available, so it was not possible to match shades of 

grey with actual electrical resistivity values. Many of the archaeological features shown on 

the magnetic gradiometry plot Figure 4.3 are enhanced on the resistivity plot. Examples are 

the mausoleum and winged villa boundary walls.  
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4.3.3 Archaeological Investigations 

 

A number of trenches were excavated (Lambdin, 2011, Lambdin and Holley, 2011, Lambdin 

and Holley, 2012, Lambdin and Holley, 2012 ) based largely upon the geophysical results. 

Evidence of three periods of Romano-British occupation was recovered during excavation 

(Council, undated). These are 1); an early villa with internal room divisions and set within a 

square ditched area of 1
st
-2

nd
 century CE age, 2); a winged corridor villa of likely 2

nd
-3

rd
 

century age and 3); a 4
th

 century industrial site. Whilst no evidence of villa walls or 

foundations have so far been found (hence the existence of a villa is still conjectural – Dr. 

David Dungworth, pers. comm), excavations have recovered substantial amounts of common 

building materials including stone rubble, roof and floor tiles, flue tiles, tesserae, fragments of 

painted wall plaster and a cobbled surface which has been interpreted as a yard (Lambdin and 

Holley, 2011, Lambdin and Holley, 2012 ). Recovered artefacts indicative of human 

occupation of the villa include substantial amounts of oyster shell, animal bone, glass gaming 

counters, local and imported pottery, coins and a copper brooch. A considerable amount of 

glass and glass waste (pulled threads and trails), misshapen molten waste glass drops and 

small broken chunks of glass as well as crucible fragments indicative of glass working 

(probably 4
th

 century) were recovered from the vicinity of the villa. No conclusive evidence 

of a furnace on the site was derived from the excavations. However, the discovery of 

cupellation products and waste, including lead and litharge are strongly indicative of Roman 

cupellation to produce silver from lead ore. Dipole magnetic anomalies, possibly indicative of 

hearth sites, are present in the geophysical survey results and strong, coincident lead 

anomalies obtained from the 2012 portable XRF surface readings may be indicative of 

cupellation sites (Dungworth et al., 2013). Whilst excavation work on the site has uncovered 

evidence of considerable industrial activity, the timing of commencement and end dates and 

whether different activities were contiguous, sequential or separated in time is not well 

defined. Other than a calibrated 
14

C date of CE131-155 on cremation remains from the 

mausoleum, there is little in the way of secure dating evidence. None of the contexts appear to 

be sealed by Terminus post quem or terminus ante quem events. Terminus post quem ("limit 

after which) and terminus ante quem ("limit before which") specify the known limits of 

dating for events. A terminus post quem is the earliest time the event may have happened, and 

a terminus ante quem is the latest. An event may well have both a terminus post quem and 

a terminus ante quem, in which case the limits of the possible range of dates are known at 
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both ends, but many events have just one or the other (Wikipedia, nd). This leaves open the 

need for further more definitive work (Dr. David Dungworth pers. comm.). 

 

The geophysical measurements also identified a smaller (40 m wide) structure located to the 

west of the villa. This was partially excavated in 2011. Foundation walls of a building 

interpreted as being the site of a Romano-British mausoleum were exposed (Lambdin and 

Holley 2011). The remains of two human cremations were discovered within this structure. 

To the north and northeast of the villa the magnetic gradiometry indicated the presence of a 

number of possible walls, also a  number of NW-SE trending features, possibly indicative of 

post holes and building foundations, parallel to a road or trackway and extending east across 

the site towards the villa. The magnetic gradiometry also indicates the presence of an older 

track, the course of which is followed by the modern track from the farm complex westward 

to the western field.   The resistivity measurements have indicated the presence of:  possible 

walls in the area north of the villa, a possible gatehouse at the entrance of the villa, the 

collapsed roof within the villa complex, a possible earlier or ancillary room at the north west 

corner of the villa (in the burned area found during excavation),  possible burial sites within 

the boundary wall of the Mausoleum in the west of the site, and the possible extension of the 

trackway east from the villa entrance to the limit of the surveyed area. The limited amount of 

resistivity profiling carried out in the villa area has indicated the maximum depth to the base 

of archaeological activity to be no more than two meters with the majority occurring above 

1.3m. 

 

In 2013 the size of the Scheduled Monument area was increased to cover the extent of the 

archaeological features identified during the 2011-2013 investigations.  

 

4.3.4 Geochemical measurements 

 

In 2012, Dungworth, Comeau & Lowerre (2013) undertook a portable XRF (pXRF) survey of 

the St. Algar’s Farm as it was known to have been a Roman lead processing site. The 

relatively high lower detection limits precluded the detection of some useful elements such as 

Au, Ag and Hg. In addition to Pb and Zn, complete data sets were collected for Fe, Sr, Rb, Zr 

and Nb. Partial data sets (because of high lower limits of detection) were collected for Mn, 
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Cu, Co and As. Data were collected by taking readings at 10m intervals at the soil surface 

after removal of the turf. Distribution maps of the Pb and Zn concentrations are shown in 

Figure 4.5. The pXRF data have been plotted on the magnetic gradiometry base to 

demonstrate the relationships between the probable archaeology and the geochemistry.  

 

 

 

Figure 4.5 St. Algar’s Farm surface level pXRF. Left: Pb. Right Zn (data from Dungworth, 

Comeau & Lowerre (2013)) plotted on the magnetic gradiometry base.    

 

 

Dungworth, Comeau & Lowerre’s (2013) survey found that lead is present at high 

concentrations. The anomalously high lead concentrations were considered to be consistent 

with anthropogenic lead contamination due to metal working activities. Two possible 

mechanisms were proposed for the anthropogenic geochemical enhancement of lead on this 

site (as evidenced by the widespread presence of litharge). These were; a) locally-derived 

airborne pollution during the Roman period or, b) the weathering of lead-rich Roman features 

and finds.  After consideration of the evidence they concluded that:  

“The absolute concentrations of lead and the spatial variation in those levels at St 

Algar’s Farm are consistent with lead working in the Roman period.” 
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4.4 Methodology 

4.4.1 Sampling 

 

The sampling programme in this work was designed to build upon the results of the pXRF 

geochemical survey of the site described above (Dungworth et al., 2013). To confirm the 

spatial distribution of the chemical anomalies identified by portable XRF survey, and to better 

understand the nature of previous archaeological activity at the site, it was seen as necessary 

to obtain soil samples from across the whole site. Total sample numbers were constrained by 

the need for specialist laboratory analysis and, as such, a 40m grid sampling protocol covering 

an area of 240 m × 320 m was undertaken; resulting in the collection of 63 soil samples. The 

soil sampling procedure is described in Chapter 1. 

The geochemical soil sampling programme was undertaken on 1 and 2 May, 2014. The 

sampling was carried out by Mr. Graham Sylvester of the University of Western Australia, 

with the assistance of Ms Denese Shepherdson. The programme was headed by Dr. Clare 

Wilson (the Permit Applicant) of Stirling University Scotland. Archaeological supervision 

was provided by Dr. David Dungworth of English Heritage. 

Sample sites and sample numbers are shown in Figure 4.6. Appendix 4.1 gives details of 

sample numbers, UTM grid co-ordinates, elevation and sample description. Photographs of 

the St. Algar’s Farm site are shown in Figure 4.7 a, b. 
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Figure 4.6 St. Algar’s Farm. Top: proposed MMI sampling grid locations on Google Earth 

image base. Below: actual MMI sample locations with sample numbers. 
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Figure 4.7 (a) St. Algar’s Farm eastern field looking west to Topmead Field; (b) Sampling in 

St. Algar’s Farm Topmead Field.  

 

4.4.2 MMI Analysis 

The samples sent to SGS were treated using the MMI-ME Mobile Metal Ion Analysis method 

and the concentration of 53 elements was measured. Details of the elements measured and the 

lower and upper limit of detection for each element are given in Appendix 4.2. It is 

noteworthy that all elements measured displayed concentrations below the Upper Limit of 

Detection except Pb, for which almost half of the samples exceeded the limit of 20,000 ppb.  

4.5 MMI Analytical results 

Full analytical data for the 53 elements quantified by MMI extraction followed by ICP-MS on 

the 63 St. Algar’s Farm soil samples analysed are shown in Appendix 4.2 together with UTM 

grid co-ordinates, elevation, sample numbers and details of lower and upper limits of 

detection for each element. A pair of duplicate samples (SAF32 and 33) were collected from 

the same location to test the spatial and analytical reproducibility of the analyses. For 

elements present in concentrations above 10 ppb, the average difference between the duplicate 

analyses was 7.2% (details shown in Appendix 4.2). For the elements of interest the % 

difference between the duplicates were commonly higher as shown below; 

 

ELEMENT Ag Au Ba Cu Pb Sb Sn Tl Zn

% Difference 16.9 66.7 8.1 7.0 0.0 14.3 0.0 9.6 5.0  

 

(b) (a) (b) 
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4.6. MMI Data analysis 

4.6.1 Geochemical background and elements present in anomalous concentration 

To compare the relationship of the local St. Algar’s Farm geochemical elemental backgrounds 

with regional equivalents, the St. Algar’s Farm (SAF) geochemical background (defined as 

the first quartile mean, 1QM - Chapter 1) concentrations for all elements were compared with 

the 1QM MMI concentrations obtained from agricultural soil samples taken in south-east 

England, over rocks of similar age and lithology. These regional samples were taken as part of 

the Geochemical Mapping of Agricultural Soils (GEMAS) regional soil sampling programme 

(Reimann et al., 2014a, Reimann et al., 2014b). Even though there is a large difference in the 

scale of the two surveys, they both sampled comparable soils using similar sampling 

protocols. The GEMAS results are the only available regional data with which to compare the 

St. Algar’s Farm data, and are shown in Appendix 4.3. The St. Algar’s Farm 1QM 

concentrations for a number of elements are shown in comparison with the GEMAS 1QM 

concentrations in Table 4.1. 

 

Table 4.1 Comparison of MMI SAF and MMI GEMAS 1QM concentrations. Elemental 

concentrations are in ppb. Comparisons of 1QM values were performed using two sample, 

unequal variances t-tests on log10 transformed concentrations. P values designated * have p 

values < 0.05 indicating that the 1QM concentrations of the two elemental populations are 

significantly different. 

 

St. Algar's Farm (SAF) GEMAS S.E. England SAF/GEMAS T-Test

Element 1QM 1QM 1QM/1QM p

Ag 4.75 2.64 1.8 *

As 10 8.23 1.2 *

Au 0.05 0.5 0.1 *

Ba 693 236 2.9 *

Ca 590,400 552,140 1.1 *

Ce 153 12 12.6 *

Cu 413 750 0.6 *

Fe 235,600 16,000 14.7 *

Nb 0 0.25 1.0 *

P 460 1728 0.3 *

Pb 6013 150 40 *

Sb 1 2.59 0.4 *

Sn 1 0.26 1.9 *

Ti 25 12 2.1 *

Tl 1.13 0.25 4.5 *

Zn 200 460 0.4 *
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Comparison of the 1QM MMI data for St Algar’s farm and GEMAS shows that a large 

number of elements at SAF are anomalous compared to GEMAS SE England, even at 

apparent background concentrations. Pb (40.09) and Ce (12.62) are strongly enriched at St. 

Algar’s Farm; Tl (4.52) is moderately enriched whilst Au (0.1), P (0.3), Sb (0.4) and Zn (0.4) 

are relatively depleted. Student’s t-test results suggest that the differences in first quartile 

Means are statistically significant for these two populations at the 99.5% level of confidence. 

 

It is probable that the relative enrichment of Pb and Tl, based on comparison of 1QM values, 

is indicative of the widespread background pollution to soils on the St. Algar’s Farm site from 

the Roman lead processing activities. That pollution probably resulted from the roasting and 

smelting of Pb ore, which produced considerable lead vapours and litharge (PbO), much of 

which was dumped or stored at various places, in or adjacent to the metal processing areas on 

the site (Dunster and Dungworth, 2012). The fact that the 1QM concentrations of other 

elements associated with the Pb processing (Au, Ag, Cu, Sb and to a lesser extent Ba), are not 

very different from the GEMAS concentrations is indicative that these metals were not 

widespread across the site (which would have resulted in an elevated SAF 1QM), but are 

substantially contained within the metal processing areas and associated areas on human 

activity. It is believed that the enrichment of Pb1, Ag and Au is indicative of the Roman lead 

smelting operations (Dungworth et al., 2013, Lambdin and Holley, 2011, Lambdin and 

Holley, 2012 )  

 

4.6.2 Geochemical contrast and elements of interest 

 

Whilst the local background at St. Algar’s Farm is defined as being the Mean of the first 

quartile MMI concentration for each element, the Geochemical Contrast for each element is 

here defined as the value of the Mean of the 4
th

 quartile (4QM) divided by the Mean of the 1
st
 

quartile (1QM).  

 

‘Elements of interest’ are considered to be those which at St. Algar’s Farm show strong (>10) 

and moderately strong (5-10) 4QM/1QM Geochemical Contrast. Table 4.2 shows that Ag 

(18.95), Pb1
*
 (16.32), Ti (13.21), Au (12.4), Nb (10.24) and Co (10.17) show strong 

enrichment whilst Sb (8.4), Tl (6.75), Zn (6.53) and Sn (5.76) show moderately strong 

enrichment. 
*
The extent of Pb enrichment in the St. Algar’s Farm samples is understated as 38 
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of the 63 samples (60%) reported Pb at, or > ULD. To overcome this, extrapolated Pb 

concentrations (Pb1) were constructed for samples with a Pb concentration >20,000 ppb. Lead 

and Tl concentrations show an almost linear relationship for samples with Pb concentration 

<20,000 ppb (R
2
= 0.89) as is shown in Figures 4.8 and 4.9. By taking the Pb/Tl ratio and 

applying this as a scaling factor to the Tl concentrations an extrapolated Pb concentration 

(Pb1) was obtained. Whilst the concentrations obtained may not be totally accurate, they are 

sufficient to get a meaningful picture of the Pb distribution of the high Pb samples. For 

samples with a Pb concentration <20,000 ppb the recorded concentrations was used as the 

Pb1 value. 

 

Table 4.2 Geochemical contrast values for MMI data from St. Algar’s Farm samples. 

Elemental concentrations are in µg/kg (ppb). 

   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Element Max. 1QM MX/1QM 4QM 4QM/1QM 

Ag 398 4.75 83.8 90 18.9 

As 20 10 2.0 10 1.0 

Au 2.2 0.05 44.0 0.62 12.4 

Ba 3470 693 5.0 1781 2.6 

Ca 1190000 590400 2.0 894330 1.5 

Ce 907 153 5.9 595 3.9 

Co 439 16.1 27.3 164 10.2 

Cu 2770 413 6.7 1584 3.8 

Fe 202000 235600 0.9 826900 3.5 

Nb 6.4 0.25 25.6 2.56 10.2 

Ni 2420 700 3.5 1773 2.5 

P 1300 460 2.8 960 2.1 

Pb 20000 6013 3.3 20000 3.3 

Pb1 117157 5829 20.1 95112 16.3 

Sb 12 0.94 12.8 7.9 8.4 

Sn 17 0.5 34.0 2.88 5.8 

Ti 1100 25 43.2 336 13.2 

Tl 9.4 1.13 8.3 7.63 6.8 

Zn 2910 200 14.6 1305 6.5 
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Figure 4.8 X-Y plot of MMI Tl vs Pb. 

 

A range of elements display very high concentrations in a small number of samples which 

results in large Maximum/Background Contrast values (Mx/1QM). Those >10 are considered 

strongly enriched, whilst values between 5 and 10 are considered moderately enriched.  

Elements which display strong Maximum/Background Contrast are Ag (83.79), Au (44.00), 

Ti (43.24), Sn (34.00), Co (27.32), Nb (25.60), Pb1 (20.10), Zn (14.55) and Sb (12.77). 

Elements which display moderate contrast include Fe (8.57), Tl (8.32), Cu (6.72), Ce (5.93) 

and Ba (5.01).  

 

Based upon the 1QM, 4QM/1QM and Mx/1QM elemental values for the St. Algar’s Farm 

samples and those elements commonly associated with anthropogenic activity, the suite of 

elements of interest warranting further investigation was defined as Ag, Au, Ba, Cd, Ce, Co, 

Cu, Fe, Mn, Nb, Ni, P, Pb, Sb, Sn, Ti, Tl and Zn.  

 

4.6.3 Histograms, Gaussian density plots and Shapiro-Wilk testing 

 

Histograms and population distribution Gaussian density were plotted to establish the nature 

and distribution of the suite of elements of interest and warranting further investigation (Ag, 

R² = 0.8869
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Au, Ba, Cd, Ce, Co, Cu, Fe, Mn, Nb, Ni, P, Pb, Sb, Sn, Th, Ti, Tl, Zn and Zr). To determine if 

the data for each element were related to a single population or multiple populations Shapiro-

Wilk Normality testing was carried out on the log10 transformed data for all elements (not 

only the ‘elements of interest’) with concentrations < the Lower Limit of Detection (LLD) 

removed. 

 

Results of the Shapiro-Wilk tests showed that, for the ‘elements of interest’, Ca, Cu, Co, Ni, 

Th, Zn and Zr were lognormally distributed and that Ag, Au, Ba, Cd, Ce, Fe, Mn, Nb, P, Pb, 

Sb, Sn, Ti and Tl di not exhibit lognormal distribution. The Shapiro-Wilk test result on Pb is 

spurious because of the curtailment of the data set at 20,000ppb, the ULD. 

Density plots of selected of elements of interest are contained in Appendix 4.4. Details of the 

maximum, median, mean std. deviation, minimum, skewness, kurtosis, Shapiro- Wilk 

Normality Test W and p-values for the elements of interest are shown in Table 4.3.  These 

data are shown in conjunction with the elemental histograms in Appendix 4.4. 

For the full element suite, many elements (Ca, Co, Cu, Ni, Rb, Sr, Th, U, many of the REEs 

(except Ce, Eu, La, Nd and Pr), Y, Zn and Zr) display Shapiro-Wilk test p values > 0.05, 

indicative of a log normal distribution. Some 22 elements fail the Shapiro-Wilk test on their 

log10 transformed data, indicating that they are not lognormally distributed. The histograms 

and density plots of many of these elements display a bimodal distribution which most likely 

results from a mixture of two or more populations. The bimodal distribution of Ag, Au, Ba, 

Ce, Fe, Mn, Nb, Pb, Sb, Sn, Ti and Tl, which are considered to be ‘elements of interest’ at St. 

Algar’s Farm, may be indicative that these elements  contain a population which includes an 

anthropogenic component. However, whilst the apparently bimodal distribution of the 

elements based upon a small number of samples may be indicative of two populations, it is 

insufficient on its own to draw conclusions on the origins of these assumed populations. 

Additional data analyses are required to provide greater confidence in any such 

interpretations. 
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Table 4.3 St. Algar's Farm basic statistical information for elements of interest. Shapiro Wilk 

(SW) Normality testing was carried out on the untransformed and log10 transformed data. 

Data shown are log10 transformed, except for Cd which is untransformed data. For the 

untransformed data only Cd showed a normal distribution. When log transformed, Co, Cu, Ni, 

Pb and Zn (darker grey) ‘passed’ the SW test, indicating a log-normal distribution. Log 

transformed Ag, Au, Ba, Ce, Fe, Mn, Nb, P, Sb, Sn, T, and Tl (lighter grey) ‘failed’ the SW 

test, indicating that they are neither normally nor log normally distributed , possibly because 

they are composed of two or more elemental populations. 
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4.6.4  Correlations between elements 

 

To investigate the nature of the relationship between the elements a correlation analysis was 

carried out using the log10 transformed data. Data for elements that returned concentrations of 

<LLD for all (e.g. In) or the majority of samples (e.g. As) were removed. To ensure a matrix 

could be produced, a concentration of 0.5LLD was assigned to the limited number of samples 

which returned a concentration of <LLD. The tabulation of the Pearson correlation 

coefficients (r) is presented as a correlation matrix in Appendix 4.5. A summary of the 

Statistics Ba Cd Nb Sb Sn Tl Ag Au Ce

Maximum 3470 65 6.4 12 17 9.4 398 2.2 907

Median 920 38 0.7 2 0.5 3.5 10 0.2 315

Mean 1,090 38 1.08 3.27 1.10 4.12 30 0.26 351

Std. Devn. 502 13 1.28 2.49 2.16 2.57 57 0.37 187

Minimum 530 12 0.25 0.5 0.5 0.5 2 0.05 31

Skewness 2.31 -0.15 3.09 1.44 6.52 0.33 4.80 3.88 0.87

Kurtosis 7.14 -0.70 9.82 2.10 47 -1.21 28 17 0.81

SW*  W 0.917 0.983 0.833 0.918 0.800 0.934 0.944 0.893 0.937

SW
*
p-value 0.000 0.515 0.001 0.001 0.003 0.000 0.007 0.001 0.003

Norm. Test F P F F F F F F F

Statistics Co Cu Fe P Mn Ni Ti Pb Zn

Maximum 439 2770 202 1.3 12500 2420 1100 20000 2910

Median 38 690 39 0.6 2010 1070 66 7680 590

Mean 67 901 46 0.65 2,698 1,150 127 9,611 676

Std. Devn. 77 553 30 0.22 2,351 420 195 5,717 480

Minimum 8 230 8 0.4 270 520 15 1670 70

Skewness 2.91 1.60 3.04 1.18 2.89 1.08 3.55 0.32 1.87

Kurtosis 9.65 2.53 12.01 0.94 9.01 1.16 13.39 -1.26 6.15

SW*  W 0.977 0.983 0.958 0.931 0.954 0.984 0.945 0.928 0.969

SW
*
p-value 0.285 0.537 0.030 0.002 0.020 0.593 0.006 0.078 0.118

Norm. Test P P F F F P F P P

SW
*  

  Shapiro Wilk normality test

   Untransformed data - passed SW normality test. Normal distribution. 

   Log10 transformed - passed SW normality test. Log normal distribution.

   Log10 transformed - failed SW test. Not normally or log normally distributed.
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correlation analyses is shown in Table 4.4. It includes the correlations for the 25 elements 

which provide the most useful information. 

 

Table 4.4 St. Algar's Farm MMI Pearson correlation coefficients (r) for Elements of Interest. 

Values in bold type indicate correlations of potential geochemical significance. 

 

Strong relationships (Pearson correlation coefficients> 0.8) exist between Pb and Tl, Ti and P, 

Fe and Zr, Zr and La and between all rare earth elements. Moderately strong correlations 

(0.7 < Pearson r < 0.8) were found between Pb and Sb, Tl and Sb, Tl and Ag, Ag and Au, Ag 

and Cu, Nb and Fe, Ti and Nb, Fe and P, Mn and Co. These correlations and a number of 

those which are interesting geochemically are indicative of two elemental suites of potential 

anthropogenic importance. The first is a Noble and Base Metal (BNM) suite comprised of the 

elements Pb, Tl, Ba, Ag, Au, Cu, Sb which is most likely indicative of the lead ore and 

possibly other material processed on site. The second is a suite comprised of the elements Fe, 

Ti, Nb, Mn, Co, Cu, P, Li, Rb, Sc, Cs, K, Ga, P, Zr, Th and Sn (PEG) which may be 

indicative of pegmatite lithology (London and Kontak, 2012) and could be reflective of the 

treatment of Sn bearing pegmatite on this site. Very strong to strong correlations were found 

Ba Cd Cs Er Eu La Li Nb Rb Sb Sn Tl Zr Ag Au Ce Co Cu Fe P Mn Ni Ti Pb Zn

Ba 1.00

Cd -0.08 1.00

Cs -0.06 -0.21 1.00

Er -0.41 0.38 0.17 1.00

Eu -0.28 0.34 0.10 0.94 1.00

La 0.08 0.07 0.25 0.71 0.82 1.00

Li 0.24 -0.02 0.23 0.18 0.29 0.45 1.00

Nb 0.15 0.01 0.47 0.25 0.24 0.50 0.59 1.00

Rb -0.25 -0.11 0.69 0.32 0.18 0.16 0.15 0.45 1.00

Sb 0.43 -0.14 0.02 -0.20 -0.14 0.20 0.14 0.28 0.01 1.00

Sn 0.18 -0.30 0.38 0.06 0.03 0.29 0.33 0.48 0.38 0.26 1.00

Tl 0.69 -0.13 0.02 -0.19 -0.07 0.38 0.27 0.32 -0.24 0.73 0.24 1.00

Zr -0.16 -0.05 0.45 0.67 0.70 0.80 0.46 0.56 0.51 0.15 0.39 0.13 1.00

Ag 0.75 -0.27 -0.15 -0.59 -0.47 -0.08 0.16 0.08 -0.42 0.43 0.10 0.75 -0.35 1.00

Au 0.60 -0.10 -0.18 -0.38 -0.27 0.01 0.32 0.14 -0.37 0.35 0.01 0.56 -0.19 0.70 1.00

Ce -0.08 0.48 0.16 0.78 0.86 0.83 0.37 0.42 0.09 0.03 0.04 0.18 0.70 -0.26 -0.05 1.00

Cr -0.48 -0.01 0.08 0.44 0.40 0.14 -0.10 -0.10 0.39 -0.28 -0.04 -0.58 0.42 -0.59 -0.47 0.21 0.43

Cu 0.58 -0.47 0.04 -0.46 -0.35 0.06 0.40 0.26 -0.15 0.46 0.28 0.62 -0.06 0.74 0.67 -0.22 -0.17 1.00

Fe 0.03 -0.05 0.40 0.52 0.56 0.79 0.52 0.71 0.44 0.30 0.52 0.27 0.81 -0.12 -0.05 0.55 0.27 0.22 1.00

P 0.22 -0.13 0.55 0.15 0.11 0.38 0.48 0.74 0.62 0.38 0.62 0.28 0.56 0.09 0.14 0.20 -0.05 0.39 0.73 1.00

Mn -0.57 0.14 0.13 0.39 0.29 0.05 0.06 0.01 0.43 -0.30 0.10 -0.55 0.33 -0.71 -0.44 0.18 0.74 -0.33 0.20 0.10 1.00

Ni 0.04 0.23 -0.29 0.32 0.46 0.46 0.31 0.05 -0.49 -0.13 -0.18 0.25 0.25 0.15 0.29 0.56 0.20 0.09 0.14 -0.18 -0.08 1.00

Ti 0.03 -0.34 0.65 0.26 0.21 0.43 0.50 0.72 0.73 0.20 0.65 0.10 0.70 -0.12 -0.06 0.21 0.24 0.24 0.75 0.86 0.25 -0.21 1.00

Pb 0.52 0.12 -0.11 -0.06 0.03 0.28 0.10 0.12 -0.32 0.70 0.05 0.85 -0.01 0.52 0.43 0.24 -0.32 0.40 0.11 0.11 -0.43 0.18 -0.13 1.00

Zn -0.29 0.83 -0.04 0.56 0.47 0.20 0.11 0.17 0.15 -0.18 -0.09 -0.28 0.21 -0.50 -0.24 0.49 0.05 -0.43 0.24 0.11 0.43 0.19 -0.05 -0.08 1.00

Ba Cd Cs Er Eu La Li Nb Rb Sb Sn Tl Zr Ag Au Ce Co Cu Fe P Mn Ni Ti Pb Zn

Very strong 0.67 Interesting geochemically

Strong

Moderately Strong
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between the rare earth elements (REEs), with r values of over 0.9. These correlations are to be 

expected because of the strong geochemical coherence of the REEs. 

4.6.5 Principal component analysis 

To further investigate the potential association of different elements at St Algar’s Farm a 

Principal Component Analysis (PCA) was carried out (Figure 4.9).  

Figure 4.9 Biplot for principal components analysis (PCA) of MMI compositional data for 

soil samples from St Algar’s Farm, Somerset, UK. The number of the sample characterizing 

each suite is shown in the text boxes. 

The PCA confirmed the elemental associations deduced from the correlation analysis, and 

demonstrated a credible relationship between the spatial location of samples and their 

elemental suites. Three components, each explaining more than 10% of the multivariate 

variance were obtained (PC1 32.1%; PC2 23.1%; PC3 14.2%). The PC1-PC2 space provided 

adequate discrimination of element suites and observations, and higher order components are 

not presented. PC1 was dominated by positive loadings for the refractory elements Ga, Sc and 

Ti and negative loadings for Ag, Au, Ba and Ca. PC2 had the largest positive loadings for Ag, 

Cu, Sb and Ti, with negative loadings for U, Y, and REE. 
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The PCA shows a number of interesting features. Observation scores for soil sampled from 

the known metal processing areas (▲,⨹) coincide with the component loadings for the BNM 

element suite. Similarly, observation scores for soil samples having MMI Sn concentrations 

> LDL (◎) coincide with the component loadings for the PEG suite. Local lithology (+) is 

characterised in PC1-PC2 space by an association of REE (including Y), refractory elements 

(Th, Zr), elements which can be associated with carbonates (Ca, Mg, Sr, Cd, U, Zn) and 

elements commonly co-occurring with Mn (Mn, Co, Ni). The presence of Ca, Mg and Sr in 

the local lithology suite and relatively high Ca concentrations (Table 4.2) confirm the 

underlying bedrock has a high component of limestone. The elements Pb, Ba, Tl, Cu, Ag and 

Au also show a high degree of similarity and are marked as the Base and Noble Metal (BNM) 

suite in the NW quadrant. A number of elements: Li, K, Cs, Rb, with large ionic radius, or Ga, 

Sc, Ti, and Nb (and to a lesser extent Fe and P) having high field strength (charge/radius ratio) 

are associated in the NE quadrant and correspond to the Pegmatite suite deduced by 

correlation analysis; the PEG group also includes Mn, Co, Cu, Sn, Th and Zr. These elements 

are often associated with pegmatite lithology; ilmenite which contains Fe and Ti is also 

commonly found in high concentrations in pegmatites. 

 

4.6.6 Elemental X-Y Plots 

 

To further examine the relationships suggested by the correlation matrices a series of X-Y 

plots were constructed. The plots are shown in Appendix 4.7.  

 

The most striking X-Y plot is that for Tl vs Pb (R
2 

= 0.85). This plot (Figures 4.8) displays a 

strong positive linear relationship between these two elements up to the ULD for Pb, above 

which there is no useful information. Other X-Y plots which demonstrate meaningful positive 

relationships are Tl vs Sb, Ag vs Ba, Ag vs Au and Nb vs Ti. These log10 transformed plots 

are shown in Figure 4.10. 
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Figure 4.10 XY plots of selected elements of interest at St. Algar’s Farm. Top left – Log10 Tl 

(ppb) vs Log10 Sb (ppb), Top right – Log10 Ag (ppb) vs Log10 Ba (ppb), Bottom left – Log10 

Ag (ppb) vs Log 10 Au (ppb), Bottom right – Log10 Nb (ppb) vs Log10 Ti (ppb). 

 

 

 

Linear regression of log10Sb against log10Tl showed a close relationship (Figure 4.10, top left) 

with R
2
= 0.77.  Whilst limited by relatively few data points, the log10 histograms of these two 

elements may suggest that both are composed of two or more populations, most probably a 

lithological population and an anomalous population indicative of the metal working 

activities.   

 

Linear regression of log10Ba vs. log10Ag (Figure 4.10, top right) showed a relationship with 

R
2
= 0.58. As with the Tl-Sb association, the log10 histograms of these two elements may 

suggest that both are composed of two or more populations; most probably a lithological 

population and an anomalous population indicative of the metal working activities.   

 

The log10Ag - log10Au association had a linear regression relationship (Figure 4.10, bottom 

left) with R
2 

= 0.71. As with the Tl-Sb and Ag - Ba associations, the log10 histograms of these 

two elements may suggest that both are composed of two or more populations.   
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The Nb - Tl association had a linear regression relationship (Figure 4.10, bottom right) with 

R
2
= 0.86.  

In addition to these moderately well-defined relationships, there are many others which 

display associations ranging from possible to weak (refer to Appendix 4.7).  

 

4.6.7 Single element spatial distributions 

 

To examine the patterns of areal distribution of the elements of interest and to visualise the 

correspondence between elemental concentrations and archaeological features, the raw data 

for each element were plotted as contours of concentrations with an overlay of sampling 

locations as shown for Tl, Ag, Pb and Au in Figure 4.11. All elements measured displayed 

concentrations below the upper detection limit except Pb, for which almost half of the 

samples exceeded the limit of 20,000 ppb. The kriged contour plots were generated with 

Surfer 12
© 

software. Interpolation of the sampling grid to calculate contours was achieved 

using anisotropic kriging based on linear-to-sill semivariogram models. The rationale for 

using kriged contouring is given in Appendix 1.1.  
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Figure 4.11 Contoured maps for MMI silver, thallium, lead and gold at St Algar’s Farm. 

Concentrations in ppb based on kriged interpolation of point data. 
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In addition to the single element contour diagrams, the data for each element were plotted as 

classed post maps overlaid upon the gradiometric magnetics data to show the relationship 

with interpreted archaeology. Eight concentration classes were used for each element. This 

ensured that samples with concentrations equal to, or greater than the 4QM concentration 

were contained in the highest two classes. The choice of single element plots displayed below 

was based on the PCA and correlation results and the clusters of associated elements derived 

from these analyses. 

Elemental distribution plots for Tl, Ag, Pb, Au and Ba (Noble and Base Metal (BNM) suite 

elements), Nb and Ti (Pegmatite lithology suite elements) and for Ca (potential indicator of 

cupellation hearths) are shown in are shown in Figures 4.12 to 4.15. A full suite of single 

element plots for elements of interest are displayed in Appendix 4.6. 

 

 

 

  

Figure 4.12 St. Algar’s Farm MMI distribution plots, plotted on gradiometric magnetics. 

Left: Pb (concentrations above 20,000 ppb extrapolated from the linear Tl-Pb relationship 

for), Right: Au. The red square denotes the Scheduled Area. 
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Figure 4.13 St. Algar’s Farm MMI distribution plots, plotted on gradiometric magnetics. 

Left: Tl, Right: Ag. The red square denotes the Scheduled Area. 

 

 
 

 

Figure 4.14 St. Algar’s Farm MMI distribution plots, plotted on gradiometric magnetics. 

Left: Ba, Right: Nb. The red square denotes the Scheduled Area. 
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Figure 4.15 St. Algar’s Farm MMI distribution plots, plotted on gradiometric magnetics. 

Left: Ti, Right: Ca. The red square denotes the Scheduled Area. 

The single element diagrams for Pb and Tl show that large areas of anomalism exist for these 

two elements at St Algar’s Farm. For Ag and Au, the zone of anomalous soils is much smaller 

but covers the area of Roman lead processing defined by gradiometric magnetometry  

(Lambdin, 2011) and excavated by Lambdin and Holley (2011) and Lambdin and Holley 

(2012). 

 

Lead The Pb1 plot (Figure 4.12) reveals a cluster of samples with extrapolated MMI Pb 

concentrations > 150,000 ppb (150 ppm) in the vicinity of the winged villa, Building 1 and 

Area1 with a spread of higher concentrations across the settlement area. The highest 

concentrations (170,000 and 188,000 ppb) come from the duplicate samples SAF 32 and 33 

taken over the Building 1 area. These samples were recorded as being of semi-friable grey 

clay containing possible tile fragments. It is notable that the highest extrapolated lead 

concentrations do not coincide with the highest Ag or Ba (coincident in the winged villa). 

These Building 1 samples contain very high concentrations of Tl (8.5 and 9.4 ppb), 

moderately elevated concentrations of Au (0.3 and 0.5 ppb), relatively low concentrations of 

Ag (74 and 79 ppb) and moderate concentrations of Cu (1190 and 1280 ppb) and Sn (2 ppb). 
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The concentration of extrapolated lead in the winged villa is higher at the northern margin 

than in the centre of the villa (where the highest Ag and Ba, second highest Au and elevated 

Cu (1930 ppb) concentrations were recorded. 

 

The MMI Pb results are similar to the surface pXRF results of Dungworth et al. (2013) 

presented in Figure 4.5 above. 

 

Thallium (Figure 4.13) shows a distribution pattern similar to that of Pb. The highest 

concentrations are in and around the winged villa (Area 1, Building 1 and along the line of the 

east west track and Settlement Area). The highest Tl concentration (9.4 ppb) occurs in the 

sample taken over the House 1 site. This sample is also very enriched in Pb (> 20,000 ppb), 

Cu (1280 ppb), Sb (7 ppb) and Sn (2 ppb). An isolated high occurs in the north east of the site 

area. The distribution plots suggest an anthropogenic threshold for MMI Tl of about 4 ppb.  

 

Silver (Figure 4.13) shows the highest concentration in the sample from the area where metal 

processing was undertaken in the winged villa (398 ppb). This sample also contains the 

highest MMI Ba content (3470 ppb), second highest Au concentration (1.8 ppb), high Tl (6.5 

ppb) and Ni (1340 ppb), elevated Cu (1930 ppb) and the highest Ca concentration (1190 ppm) 

of all the samples. The sample containing the second highest concentration of silver came 

from the area adjacent to the north-east of the winged villa and here designated Area 1. This 

sample contained 183 ppb Ag. It was the most gold enriched (2.2 ppb) and also contained 

elevated Cu (2050 ppb - 3
rd

 highest Cu concentration), Nb (2.1 ppb – 4
th

 highest), Tl (7.5 ppb 

– 7
th

), Sn (2 ppb – 4
th

), P (1.2 ppm – equal 2
nd

) and Ti. There is a clustering of high Ag 

concentrations in and around the winged villa, Building 1 and Area 1. The Ag histograms and 

density plots (Appendix 4.4) suggest that the anthropogenic threshold concentration for MMI 

Ag is about 60 ppb. It may be noteworthy that discovery sites (within the winged villa) of a 

number of Roman coins are only a few meters from the sample which contained the highest 

Ag concentration. Whilst the 1QM silver concentration is low (4.75 ppb) and comparable to 

that of the GEMAS 1QM concentration (2.64 ppb), the Ag plot shows that even at 

concentrations below the possible anthropogenic threshold (60 ppb), the higher concentration 

samples are located within the magnetically disturbed settlement area. This may indicate that 

there is a relationship between human settlement and concentrations of precious metals, an 

hypothesis supported by mapping of the GEMAS MMI data which suggest that, on a regional 

basis, areas of substantial human habitation tend to be anomalously enriched in gold and 
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silver (Mann 2014, Mann and Sylvester 2015). If verified by further research, this 

phenomenon could be extremely valuable in archaeological prospection investigations.  

 

Gold (Figure 4.12) displays the two highest concentrations in the archaeologically active 

Area1 (2.2 ppb) and the winged villa, where Pb processing was carried out (1.9 ppb). 

Moderately high Au concentrations were present in the area around the winged villa and to 

the west adjacent to the east west track. As was the case with Ag, high Au concentrations 

were also found in what appear to be archaeologically interesting areas adjacent to the east-

west trackway to the east and west of the winged villa (Figures 4.13 and 4.14).  Moderately 

elevated gold concentrations are present in the centre west of the site over the area of 

settlement and adjacent to the east west trackway, as was observed for Ag. Gold distribution 

is clearly reflecting the archaeology and the moderately strong correlation with silver is also 

reflected in these distribution plots. 

 

Barium (Figure 4.14) displays a maximum concentration over the area in which the Pb 

processing work was carried out within the winged villa (3470 ppb) in the sample with the 

highest Ag and second highest Au concentrations. Elevated Ba concentrations extend from the 

winged villa into archaeologically disturbed areas immediately adjacent to the winged villa 

(including Building 1 – 1860 ppb Ba) and along the east west track (a string of high Ba 

concentrations may possibly define the position of the track, as a result of the presence of Ba-

rich ore material that had fallen from the transportation vehicles) and in the Settlement Area.  

 

Niobium (Figure 4.14) displays quite elevated concentrations in three samples. Each of these 

samples also contains detectable As. The sample with the highest Nb content (6.4 ppb) is 

SAF15. It is strongly anomalous in Ti, Cr, Fe, Mn, Pb and P and also contains high 

concentrations of Tl and As and the lithophile elements K, Rb, Li, Sc, Th, Zr and Al.  

Samples with a similar elemental profile are located adjacent to the pond in the north east of 

the area. Samples from the eastern farm track, Area 1,  contain higher concentrations of Cu 

(2050 ppb), Ag (183 ppb), Au (2.2 ppb), Tl (7.5 ppb), Sb (7 ppb),Pb (>20,000 ppb), Ti (131 

ppb), Sn (2 ppb), P (1.2 ppm), Ba (1120 ppb) and K (8.8 ppm) and display  geochemical 

profiles which appear to be hybrid between the base and precious metal suite characteristic of 

the metal processing areas and the more ferrous metal/lithophile element suite (possibly 

pegmatite related) occurring in the magnetically flat areas. Elevated Nb concentrations are 

also present in samples from the metal processing and adjacent areas. There is a broad spread 
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of samples with Nb concentrations > 0.6ppb over the settlement area and broadly over the 

eastern field lowland area.  

 

Titanium (Figure 4.15) distribution is very similar to that of Nb, with the most enriched 

sample being SAF15 (1100 ppb Ti), located in the south of the area. Strongly enriched 

samples occur in the north adjacent to the pond whist moderately enriched samples occur on 

the eastern farm track and the east west trackway. 

 

Calcium (Figure 4.15) shows a large maximum concentration (1190 ppm Ca) in the winged 

villa area. This may be reflective of the presence of cupellation hearth remnants as the hearths 

were produced from locally derived calcareous marl (Dunster and Dungworth, 2012). 

Spatial distribution plots of a number of the less important elements of interest are shown in 

Appendix 4.6. These include Cu, Sb and Sn. 

 

Copper (Figure 4.16) demonstrates a similar distribution pattern as Ba.  Copper has elevated 

concentrations over the area in which the Pb processing work (maximum 2730 ppb) was 

carried out. The winged villa displayed a concentration of 1930 ppb in the sample with the 

highest Ag and second highest Au concentrations. Elevated Cu concentrations extend from 

the winged villa into archaeologically disturbed areas immediately adjacent to the winged 

villa (including Building 1 – 1280 ppb Cu) and along the east west track (up to 2040 ppb Cu). 

 

Antimony (Figure 4.16) concentration is low at St. Algar’s Farm. The 1QM concentration is 

0.94 ppb c.f. 2.59 ppb for the GEMAS S.E. England data set. However, there are a few 

relatively high concentrations (12 ppb maximum).  The highest Sb concentration is found in 

the sample containing the highest copper content. The second highest Sb concentration comes 

from a sample (SAF 9) which is also much enriched in Cu (2040 ppb), Pb1 (166,000 ppb), Tl 

(8.3 ppb) and is located close to the east west trackway in the settlement area in the west. This 

sample also contains high Ba (1890 ppb – 3
rd

 highest Ba concentration), elevated Sn (2 ppb) 

and Au (0.4 ppb).  
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Figure 4.16 St. Algar’s Farm MMI distribution plots, plotted on gradiometric magnetics. 

Left: Cu, Right: Sb. The red square denotes the Scheduled Area. 

 

Tin was detected in only 16 St. Algar’s Farm samples at, or above the LLD of 1 ppb. The 

highest Sn concentration (17 ppb) was from a sample on the eastern flats 20 m from the 

irrigation ditch in magnetically undisturbed ground. This sample (SAF 44) is undistinguished 

other than for enrichment in Pb1 (66,000 ppb) and slightly elevated concentrations of Tl (3.3 

ppb) and Mn (3150 ppb). Two other samples (SAF15 and SAF51), contain slightly elevated 

Sn concentrations (4 ppb). These samples are also both from undisturbed magnetics areas - 

one on the very north and the other on the very south of the sampled area respectively. They 

are quite unusual in their geochemical composition. Both contain 4 ppb Sn but exhibit 

moderate to strong anomalism in a number of ferrous metals and other elements. SAF15 is 

enriched in a wide range of elements (see details under Nb, immediately above). The field 

descriptions of these samples show them to have no particularly distinguishing features and to 

be little different from other samples collected. Slightly elevated concentrations of Sn are 

recorded in the Cu enriched sample on the eastern farm track and the sample (also Ba and Cu 

enriched) near the east west trackway in the west and in the samples in and around House 1 

and Area1 and at the northern side of the winged villa.  
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When viewed in aggregate, the elemental distribution plots, correlation analysis and PCA 

results have revealed the existence of two elemental suites. One suite of elements, comprised 

of Pb, Tl, Cu, Sb, Sn, Ag, Au and Ba has close association with the metal processing and 

settlement areas and has been designated the Base and Noble Metal (BNM) suite. A second 

group of elements containing Ti, Nb, As, Co, Ni, Cr, Mn, Fe and P occurs as spot highs or 

small groups of samples, commonly in the areas of undisturbed magnetics but with a possible 

association with spot magnetic dipole anomalies. This group of elements also shows an 

association with large-ion lithophile elements (K, Rb) and elements commonly associated 

with pegmatite (Zr, Li, Th).  

4.6.8. Spatial distribution of element indices 

 

Whilst individual elements in a suite can be used to define an area of particular interest, 

examination of an elemental group (a composite index) can commonly provide better detail 

and definition of the phenomenon giving rise to the anomalous suite (Mann et al., 2012, Smith 

et al., 1984). The analysis of the St. Algar’s Farm MMI data – correlation analysis, PCA and 

multi-element plots – leads logically to the use of such indices. The index points can be 

plotted and contoured to produce an Index plot. This has been done for two suites; BNM and 

PEG for the area sampled at St. Algar’s Farm. Interpolation of the sampling grid to calculate 

contours was achieved using anisotropic kriging based on linear-to-sill semivariogram 

models. Contour plots of the kriged data were prepared using Surfer 12
®
 and are shown in 

Figure 4.17. 

The Noble and Base Metal suite have been compiled into the contoured Base and Noble 

Metal Index (BNM) (Figure 4.17(a)). It is a simple additive index constructed by summing 

the normalized-to-the mean concentrations for the elements Ba, Ag, Au, Cu, Pb1, Sn and Tl. 

Index units are ppb. The additive index method was adopted here because it was desirable to 

determine which elements were contributing to the anomalism, even if only in a minor way. 

The contoured Classed Post Map (CPM) values of the BNM index are shown superimposed 

on the gradiometric magnetic base image (Lambdin, 2011) to show the relationship with the 

interpreted archaeology. 

 
The PEG 

+ 
index is a multiplicative index constructed by multiplication of the normalized-

to- the-mean concentrations for the elements Nb, Zr, Rb, Th and Cs. The multiplicative 
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index method was chosen because this form of index is exclusive, whereas the additive 

method is inclusive. Here it was important to know which elements provided the essential 

core of the index. The multiplicative process ensures that only elements which are essential 

are captured, as low concentration of an element will result in a low index score for the 

sample. The PEG +index (Figure 4.17b) highlights not only a sample (SAF15) at the south-

western edge of the sampled area, but several samples on the eastern side, adjacent to the 

stream which drains the St Algar’s site. 

 

  

Figure 4.17 Plots (a) Base and Noble Metal Index (BNM) (b) Pegmatite
+
 Index (PEG) at St 

Algar’s Farm. The Scheduled area covers the winged villa, cupellation zone and burnt area is 

shown as a red square. Building 1 lies to the north of it in the centre of the sampled area. 

Contours are superimposed on a grey magnetic gradiometry base.  

 

In addition to the composite index plots discussed above, a number of additive and 

multiplicative indices and index plots were constructed and evaluated. Details of these 

experimental index plots are shown in Appendix 4.8.    

 

The BNM index defines two quite distinct zones. The area between the 100 and 300 ppb 

contours includes the settlement area and areas of known human activity. The 300 ppb 

contour encloses the known major areas of metal processing. The evidence suggests that 

roasting/smelting of primary ore was carried out in and around Building 1, whilst silver 
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cupellation of the smelted lead was undertaken in the winged villa area. The BNM Index is a 

very valuable tool for defining the distribution of previous human activities on the site. 

 

The PEG + index plot is very different from that of the BNMI plot and may be indicative of 

the presence of pegmatite and the possible processing of cassiterite in the southern part of the 

area in the vicinity of sample SAF15. 

 

In summary, the composite element index plots provide a valuable overview of the 

distribution of elemental suites defined by the individual element distribution plots and 

provide telling evidence on the ability of geochemical signatures to define and delineate 

archaeological features at St. Algar’s Farm. The Base and Noble Metal Index (BNMI) plot 

provides convincing evidence of the processing of base metals and the processing or presence 

of noble metals on the site.  

4.6.9 The use of log transformed multi-element profiles to show geochemical similarities 

and differences between samples.  

The MMI multi-element data can demonstrate both the similarities and differences in 

elemental concentrations between samples as has been demonstrated by the results of the 

elemental index work shown above. The similarities and differences can be displayed by the 

comparative use of histograms of log-transformed concentrations for multi-elemental suites. 

Multi-element MMI log transformed profiles have been prepared for ‘type’ samples from the 

metal processing area and pegmatite lithology ; ‘type’ samples in comparison with a typical 

background sample and the direct differences between the ‘type’ samples.  

 

These contrasts are demonstrated by reference to three samples, SAF32, SAF15 and SAF16, 

which were chosen as they are geochemically representative (based upon their positions on 

the Index plots, the PCA biplot and their multi-element geochemistry) of the metal processing 

areas (SAF32), the pegmatite lithology (SAF15) and site background elemental 

concentrations (SAF16).  

 

Log transformed multi-element profiles of these samples are shown in Figure 4.18. The 

profiles show that Al, Ca, Fe, (K) and Mg (major rock forming elements) are present in high 

concentrations in all three samples. 
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Sample SAF32, from the metal processing area, displays much higher concentrations of Ag, 

Au, Cs, Nb, Pb, Sb, Sn, Ti and Tl compared with the background sample SAF16 (Figure 

4.19a). The sample characteristic of the pegmatite lithology (SAF15), contains much higher 

concentrations of Al, As, Cr, Cs, Fe, Ga, K, Li, Nb, Rb, Sc, Sn, Ti and Zr (Figure 4.19b). 

A direct comparison of elemental log-concentration differences between SAF32 and SAF15 is 

shown in Figure 4.20. The metal processing area sample SAF32 shows that relative to SAF15, 

the typical pegmatite lithology sample, it has a concentration difference of > 0.5 for the 

elements Ag, Au, Pb, Sb and Tl. Conversely, SAF15 has, compared with SAF32, a 

concentration difference of > 0.5 for the elements As, Co, Cr, Cs, K, Li, Nb, Rb, Sc, Th and 

Ti. 
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Figure 4.18 Log transformed multi-element MMI profiles for three selected samples from St 

Algar’s Farm. Above: SAF32 taken from the lead processing area over the winged villa. 

Centre: SAF15, a sample showing typical pegmatite lithology geochemistry. Below: SAF16, a 

sample representative of geochemical background. 
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Figure 4.19 Differences in log10 MMI elemental concentrations between ‘type’ and 

background samples. a. SAF32, typical of the metal processing area; b. SAF15, a typical 

pegmatite lithology sample. Elements with log10 concentration difference of more than 0.5 (> 

approximately 3-fold) are shown in black. 
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Figure 4.20 Differences in log10 MMI elemental concentrations between ‘type’ samples 

SAF32 and SAF15. SAF32 (metal processing area) has a log10 concentration difference of > 

0.5 for Ag, Au, Pb, Sb and Tl compared with SAF15 (pegmatite lithology), whereas SAF15 

shows a log10 concentration difference of > 0.5 for As, Co, Cr, Cs, K, Li, Nb, Rb, Sc, Th and 

Ti compared with SAF32. 

 

Sample SAF32, from the metal processing area, displays much higher (anomalous) 

concentrations of Ag, Au, Cs, Nb, Pb, Sb, Sn, Ti and Tl compared with the background 

sample SAF15, whereas the sample characteristic of the pegmatite lithology (SAF16), 

contains much higher (anomalous) concentrations of Al, As, Cr, Cs, Fe, Ga, K, Li, Nb, Rb, 

Sc, Sn, Ti, Zr. The difference in log10 concentration of the anomalous elements in both 

samples is > 0.5. This 0.5 log10 difference is considered significant and is set as the threshold 

of anomalism. It is equivalent to a 3.16-fold enrichment compared with background.  

The range of anomalous elements obtained from the multi-element log transformed profiles 

for the type samples reflects the element groupings revealed as a result of the correlation 

analysis, CPA, single element distribution plots and the composite element index plots.   

The log transformed elemental concentration differences between SAF32 and SAF15 show 

that the concentration of the elements Ag, Au, Pb, Sb and Tl (BNM Suite) and Cr, Cs, Ga, Li, 

Nb, Th, and Ti (PEG Suite) plus As, Co, Cr, K, Rb, Sc (also potentially indicative of 

pegmatite), clearly differentiate the two ‘types’ as the log10 differences for these elements 

were all > 0.5. 
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In summary, the multi-element profiling technique has been very informative. It has indicated 

that all samples at St. Algar’s Farm show considerable similarity in major element 

concentration, but that considerable differences exist between many samples for a number of 

trace elements.  The trace elemental differences highlighted by the method are an important 

finding. They strongly support the assertion that this site displays two anomalous 

anthropogenic geochemical trace element suites (the base and noble metal suite and a 

pegmatite lithology suite) superimposed on a lithological background dominated by the major 

elements Al, Ca, Fe, K and Mg. 

4.7 MMI Summary 

The nature of the ligand-based partial extraction MMI technique has allowed the detection of 

multi-element soil geochemical anomalies at very low concentrations for a wider range of 

elements than have previously been detected at St. Algar’s Farm. 

 

Statistical and graphical methods delineated two suites of elements which were present in 

anomalous concentrations in many samples from this site. Elemental distribution plots 

showed that these two suites showed discrete and separate areal extent, and that each of the 

suites could be integrated into a composite elemental index, the values of which could be 

plotted to give a spatial distribution on the suite. It was found that one group of elements, 

comprised of Pb, Tl, Ag, Au, Sb, when combined to form the Base and Noble Metal Index 

clearly lineated and defined the area in which lead was processed to produce silver on this 

site. The second suite of elements was comprised of Nb, Zr, Rb, Th and Cs and denoted the 

Pegmatite Suite, which when combined into a composite index, defined areas where it is 

believed that tin-bearing pegmatite from Cornwall or Dorset was processed to produce 

cassiterite. There is some evidence that this mineral may then have been roasted to produce 

tin to make pewter type alloys on site.  

 

Detailed examination of the full multi-element data suite showed that there were a number of 

elements additional to those which defined the two suites that were present in strongly 

anomalous concentrations in at least some samples. These included Cs, Sn and Ti for the Base 

and Noble Metal Suite and may be indicative of the processing of tin to produce pewter alloy 

in the Metal Processing area. In a similar manner, the elements As, Cr, Co, Ga, K, Li, Rb, Sc 

and Ti were strongly anomalous in some samples showing  pegmatite lithology geochemistry. 
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The MMI work has clearly defined the area of human settlement and metal processing as 

documented by magnetic gradiometry and subsequent excavation and has confirmed and 

enhanced the previous geochemical work carried out on the site. New potential archaeological 

sites have been found and a totally new archaeological context, that of the hitherto 

unrecognised likely processing of pegmatite tin ore, has been discovered. 

4.8.1 The effectiveness of MMI 

 An aim of this research has been to assess the potential of the MMI partial extraction method 

to improve site definition and aid in archaeological prospection investigations, by 

documenting known sites more effectively and improving the ability of archaeologists to 

locate new archaeological sites.  

 

As a result of its multi-element, high geochemical contrast capability, MMI is able to clearly 

define known archaeological features: both spatially, in the range of elements defining those 

features, and in the ability to detect subtle low-contrast anomalies of potential anthropogenic 

origin. MMI has also demonstrated the ability to detect and define new anthropogenic soil 

geochemical anomalies which may represent hitherto undetected archaeological features.  

 

The MMI method has been found to be a more effective geochemical technique than pXRF 

and strong acid digestion (SAD) in many circumstances and provide a new tool for the 

elucidation of archaeological problems, a number of which are discussed fully in the 

following sections.  

4.8.2 Comparison of the effectiveness of MMI and pXRF in defining archaeological 

features at St Algar’s Farm  

4.8.2.1. Geochemical contrast 

The pXRF data obtained previously have been compared with the MMI results to evaluate the 

relative effectiveness of MMI in defining archaeological features on this site.  

 

Geochemical contrast has previously been used as one measure of the efficiency of different 

geochemical methods in detecting concealed mineralization (Stanley and Noble, 2008). By 

analogy, measures of geochemical contrast should also be valuable for detecting and defining 

archaeological features. To test this concept, the MMI geochemical contrast for the elements 

of interest was compared with those of data obtained from the pXRF survey carried out by 
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Dungworth et al. (2013). Only limited comparisons were possible because the rather high 

LLD concentrations inherent in the pXRF method. Comparable data were only available for 

the elements Pb, Zn, Nb and Fe. A comparison of the geochemical contrast values for MMI 

and pXRF, defined by 4QM/1QM, is provided for these elements in Table 4.5.  

 

Table 4.5 Comparison of ratios of means for the upper quartile (4QM) and lower quartiles 

(1QM) (Contrast) for the MMI and pXRF techniques for selected elements at St Algar’s 

Farm. 

Element 

MMI  

4QM/1QM t Test 

pXRF  

4QM/1QM t Test 

Fe 2.4 146.93 2.3 22.29 

Nb 2.5 9.22 2.1 34.57 

Pb 16.3 5.54 12 13.5 

Zn 6.5 16.91 2.6 13.19 

 

In all cases the contrast between upper and lower quartiles for the MMI technique is greater 

than that for pXRF, and in the case of Pb and Zn, by a factor of 1.3-2.5. MMI has provided 

more sensitive data than pXRF on the basis of geochemical contrast. 

4.8.2.2 Cross Sections 

To determine geochemical contrast between elemental peaks and background and to assess 

the relative efficiency of MMI vs pXRF, two cross section transects were selected for the St. 

Algar’s Farm site (Figure 4.21). The transects were positioned to traverse the areas of 

settlement and metal processing. Values for the elements of interest were plotted in profile for 

MMI samples on each transect (Figure 4.22). Geochemical contrast values with interpreted 

archaeology are shown in Table 4.6. Equivalent profiles and geochemical contrast values 

pXRF Pb and Zn values are shown in Figure 4.23. Peak values were read directly from the 

data whilst background was taken as the mean of values that were, from the plots, indicating a 

flat background. Most samples on the B-B1 transect were taken from within the anomalous 

area. Consequently, unless profiles indicated the clear presence of background values, the 

background used was that derived from the transect A-A1 samples, as the sampling on that 

line began in the south-west in an area of local geochemical background for most elements. 
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Section A-A1 is plotted looking north-west and section B-B1 looks west. The cross over point 

of the two section lines is at 269.5m on A-A1 and 560m on B-B1.  

           

Figure 4.21 Cross section lines for MMI and XRF elemental profiles. 
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Figure 4.22 MMI elemental profiles and geochemical contrast figures from samples taken on section 

lines A-A1 and B-B1 as shown in Figure 4.21.  

 

 

Table 4.6 MMI geochemical contrast values for elements of interest along Section lines A-A1 

and B-B1with interpreted archaeology. 

                          MMI Profile A – A1                    MMI Profile B – B1                     
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Figure 4.23 pXRF elemental profiles and geochemical contrast figures for Pb and Zn from 

samples taken on section lines A-A1 and B-B1 as shown in Figure 4.21. 

The profiles for MMI and pXRF clearly delineate the anomalous zone. It extends from 

transect distance 180m to about 340m (160m wide) on line A-A1. On line B-B1, the XRF 

defines the zone as being from 470m to 630m whilst the MMI (even though sample density is 

less than for the XRF) gives a slightly tighter definition of 450m to 600m (150m wide).  Both 

methods give excellent geochemical contrast for Pb and somewhat lower values for Zn (Table 

4.7). At 46.1× the MMI contrast for Pb is more than double the pXRF value of 21.4×, whilst 

the Zn MMI contrast is 5.3× compared with 2.7× for the pXRF result, again almost double. 

This is consistent with the findings of Stanley and Noble (2008), that soil geochemical 

anomalies derived from a source at depth (in their study mineralization, here archaeological 

artefacts) are more clearly defined (by geochemical contrast) using geochemical methods that 

employ weak partial extraction techniques (in their study sodium carbonate, here MMI) rather 

than methods that return essentially total metal content (in their study strong acid digestion, 
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here XRF). Similar findings were made with respect to MMI vs. strong acid digestion by 

Mann (2010).  

For the other elements of interest (Tl, Sb, Ag, Au and Ba) MMI also clearly delineates the 

metal processing areas and give geochemical contrast values ranging from 3.4x (Tl) to 79.6× 

(Ag).  

 

Examination of the MMI elemental profiles on section line A-A1 shows coincidental peaks 

for Pb, Tl, Sb, Ag and Ba at 269.5 m, with Au showing a double, flat peak, both at 269.5 m 

and also coincident with Zn at 213 m (at which location Pb, Tl, Sb, Ag and Ba are also at 

anomalously high values). XRF shows Pb and Zn peaks at 220 m with a second Zn peak 

(accompanied by elevated but not peak Pb) at 300 m. The 300 m XRF Zn peak is not reflected 

by the MMI Zn value but there is some elevation in MMI Pb, Tl, Ag, Au and Ba at that point. 

The peak/elevated values at 213 m are located at the margin of the winged villa whilst those at 

269.5 m are adjacent to Building 1. It is likely that this indicates that the metal processing 

activities were being carried out at the two separate locations and that those at 269.5 m may 

have been different from those being undertaken at 213 m. 

 

The section line B-B1 shows a similar, but clearer picture of, the separation of elemental 

peaks. MMI Pb, Tl and Sb peaks are coincident at 560 m, whilst Ag, Au and Ba peak at 

481m. Zn does not correspond with either of these peaks but peaks at 59 3m, at which point 

there is also peak Sb and small elevations of Pb, Tl, and Ag. It is notable that MMI Zn 

remains at background concentrations over the region between 480 m and 560 m where Pb, 

Tl, Sb, Ag and Au display anomalously elevated values. XRF Zn peaks at 590 m and is 

accompanied by elevated (but not peak) Pb.  

 

There is a clear separation of the spatial distribution of MMI Pb, Sb, Tl and Zn from Ag, Au 

and Ba on section line B-B1and whilst Pb, Tl and Sb are still at very elevated concentrations 

in the area of Ag, Au and Ba the reverse is not true. The base metals are at lower 

concentrations in the zone of precious metals and Ba strong enrichment. The Ag, Au, Ba peak 

concentrations occur in samples taken over the excavated site of metal processing and 

cupellation at the centre of the winged villa whilst the strongly anomalous base metal samples 

are from the vicinity of Building 1. As for section A-A1 it appears that different types of 

metal processing were being carried out in each of these two sites. It is proposed that 
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roasting/smelting of primary ore was carried out in and around Building 1, whilst silver 

cupellation of the smelted lead was undertaken in the winged villa area.  

 

In summary, elemental profiling has demonstrated that whilst pXRF adequately identifies 

anomalies in Pb and Zn,  MMI to more clearly defines and characterizes the metal processing 

activities on this site. 

  

4.8.3 Comparison of the effectiveness of MMI and strong acid digestion (SAD) in 

defining archaeological features at St Algar’s Farm 

To test the relative effectiveness of MMI in comparison with strong acid digestion, ten 

samples which displayed anomalous MMI geochemistry were selected for strong acid 

digestion (SAD) and ICP-MS finish, using the methodology described in Chapter 1. The 

samples chosen for SAD and the reasons for their selection are documented in Table 4.7. 

 

Table 4.7 Samples selected for strong acid digestion and analysis with reasons for selection. 

SAMPLE No. SAMPLE DESCRIPTION
SAF 9 On trackway. MMI very enriched in Ba, Pb, Tl, Sb and enriched (to a lesser 

extent) in Sn and Cu.
SAF 13 Located in an area of undistubed magnetics with baseline MMI 

concentrations of most elements-a reference. 
SAF 15

MMI very enriched in Ti, Cs, Li, Mn, Nb, Rb, Sc, Sn, Th, Zr, Cr, and K.
SAF 19 On trackway. MMI  enriched in Ba, Pb, Tl, Sb and Mn.
SAF 30 In winged villa. Very enriched in Ag, Au, Ba, Pb, Tl, Ca and enriched in Sb, 

Cu and Ni.
SAF 33 Within Building 1. Enriched in Ag, Ba, Pb, Tl, Sb and enriched to a lesser 

extent in Au, Sn, Cu, Nb, and Ce.
SAF 40 North part of Area 1. Very enriched in Ag, Au, Ba, Pb, Tl, Sb, Cu, Nb and 

enriched to a lesser extent in Mn and Ni.
SAF 41

South part of Area 1, east of the winged villa. Very enriched in Ag, , Ba, Pb, 

Tl, Sb, Cu, Sn and enriched to a lesser extent in Au, Ca and Ni.
SAF 51 Adjacent to the pond. Very enriched in Nb, Ti, Tl, Pb, enriched in Fe, Sb, 

Mn, Cr, Sc, Sr, Th, Zr, P, K, Rb, Li,and all the REEs and slightly enriched in 

As, Cu and Ni.
SAF 53 On the farm track. Enriched in Pb, Tl, Sb, Nb, Cu and Mn and slightly 

enriched in Ag, Au, Ni, Ce, Th and Fe.   
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It is known that the relative strong acid extraction rates for different elements vary widely, 

depending on the host mineral for the element (compared to XRF, which is considered to give 

total element concentration in the sample). Extraction rates (strong acid vs XRF) obtained 

from the GEMAS survey (Mann et al., 2014) vary from close to 100%  (Cu) down to 0.7% for 

Zr.   

 

Extraction rates for MMI are much lower because it is not an acid digestion and so does not 

dissolve the lithogenic soil minerals. Hence MMI extraction rates are always lower than 

strong acid digestion rates. The average elemental % extraction rate of MMI compared with 

strong acid digestion for the GEMAS samples is shown in Mann et al. (2014, Table 1). 

Comparative data for the St. Algar’s Farm samples are shown in detail in Appendix 4.10. 

Data for a number of elements of interest are given in Table 4.8 and Table 4.9. These numbers 

show that the relative extraction rates (MMI vs SAD) are lower than GEMAS for all elements 

in the St. Algar’s Farm samples, except Tl. Comparison of the elemental relative extraction 

rates of MMI and strong acid digestion for SAF vs GEMAS show that they range from 1.9% 

(Zr) to 86.3% (Cs) with Tl being the exception at 204%. The explanation for this may relate to 

the efficiency of the SAD, which is greater in soils that contain significant carbonate content 

in the soil matrix (Mann, 2014). The higher the efficiency of the SAD, the lower the relative 

MMI extraction rate will be, as MMI does not dissolve carbonate (A.W. Mann, pers. comm.). 

The St. Algar’s Farm site is underlain by a geological basement of limestone or calcareous 

marine sediments and because of this, it is likely that the soils contain carbonates. The Ca 

median of 725 ppb is above that for the UK and Scotland GEMAS population of 595 ppb; 

many of the GEMAS samples came from samples of carbonate origin. The NGSA median 

total Ca was 390 ppm (Mann 2011). If the slightly higher Ca concentrations at St. Algar’s 

Farm are indicative of an increased carbonate content in these soils (a threshold of 800 ppm or 

more normally signifies visible carbonate in soil (Mann et al. 2014)), it is probable that the 

SAD will have been more efficient in dissolving Ca and resulted in a relatively lower 

extraction rate for the MMI process.     
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Table 4.8 Extraction rates for elements of interest for MMI compared with strong acid 

digestion for selected St. Algar’s Farm sample means and GEMAS sample means. The 

relative % extraction rate (SAF to GEMAS) is also shown. GEMAS data from Mann et al. 

(2014).   

 

Extraction rates % MMI to SAD for SAF and GEMAS elemental means

ELEMENT SAF GEMAS SAF/GEMAS 

(%)

ELEMENT SAF GEMAS SAF/GEMAS 

(%)

Ag 13 36.8 35.27 Ni 3.29 4.44 74.10

As 0.09 0.37 24.32 Pb 1.5 2.03 73.89

Ba 0.43 1.76 24.43 Rb 0.08 0.48 16.67

Cd 6.4 30 21.33 Sb 0.28 0.86 32.56

Ce 0.36 0.48 75.00 Sc 0.28 0.74 37.84

Co 0.81 2.43 33.33 Sn 0.06 -

Cs 0.05 0.06 83.33 Sr 2.33 9.25 25.19

Cu 4.63 9.24 50.11 Th 0.24 0.76 31.58

La 0.16 0.34 47.06 Tl 1.02 0.5 204

Li 0.05 - Zn 0.21 2.75 7.64

Mn 0.61 4.42 13.80 Zr 0.05 2.85 1.75

Nb 0.02 0.19 10.53
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Table 4.9 Comparison of concentration ranges, geochemical contrast and relative (MMI to 

SAD) extraction rates for selected elements for SAD and MMI extraction of 10 selected St 

Algar’s Farm samples. Sample SAF13 has been used as a background sample so that 

geochemical contrast can be measured as Max./Min. and also as Max./background sample 

elemental concentration. Because most MMI Pb concentrations were > ULD no contrast can 

be calculated for this element. 

ST.ALGAR'S FARM COMPARISON OF MMI WITH SAD TREATMENT

 FOR 10 SELECTED SAMPLES

Element SAD - All 

samples

SAD for 

SAF13

MMI - All 

samples

MMI for SAF13

Range - ppm Range - ppm Range - ppb Bcgd sample - ppb

Ag 0.1-1.56 0.11 3-398 4

Pb 180-990000 366 1670-20000
*

7620

Zn 101-259 159 130-270 720

Ca 13-80 26 320-2770 320

Ba 223-504 315 710-3470 710

Tl 0.5-0.8 0.7 1.2-9.4 1.2

Sn 3.2-164 5.3 0.5-4 0.5

Sb 0.1-17.3 0.3 1.0-12 1

Ce 59.2-84.8 78.5 89-474 199

Th 8.67-12.3 12 7.8-74.8 15.3

Zr 104-134 125 40-145 45

Cs 5.95-12.2 12 0.1-17.8 0.7

Rb 73.9-159 141 15-261 64

Nb 13.2-21.7 19.7 0.1-64 0.1

Ni 23-43 38 586-1330 688

Li 56.4-106 106 5-133 5

Element SAD 

Contrast 

SAD 

Contrast 

MMI 

Contrast

MMI Contrast Extract 

%

Extract %

Max./Min. Max./SAF13 Max./Min. Max./SAF13 SAF GEMAS

Ag 15.6 14.2 132.7 99.5 12.98 36.8

Pb 5500 2705 No  data No  data 1.5 2.03

Zn 2.56 1.63 5.54 1 0.05 2.85

Ca 6.85 3.42 8.66 8.66 4.63 9.24

Ba 2.26 1.6 4.89 4.89 0.43 1.76

Tl 1.6 1.14 7.83 7.83 1.2 0.5

Sn 51.3 30.9 8 8 0.06 No data

Sb 173 57.7 12 12 0.28 0.86

Ce 1.43 1.08 5.33 2.38 0.36 0.48

Th 1.42 1.03 9.59 4.89 0.24 0.76

Zr 1.29 1.07 3.63 3.22 0.05 2.85

Cs 2.05 1.02 178 25.4 0.05 0.06

Rb 2.15 1.13 17.4 4.08 0.08 0.48

Nb 1.64 1.1 640 640 0.02 0.19

Ni 1.13 1.13 2.27 1.93 3.29 4.4

Li 1.88 1 26.6 26.6 0.05 No data
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Comparison of SAD results with the MMI results has been undertaken for a range of elements 

to evaluate the relative effectiveness of MMI to provide meaningful results in the 

documentation of the archaeological features of this site (Table 4.9). 

 

Silver is of interest at St. Algar’s Farm. The average MMI to SAD extraction rate for the 10 

samples chosen for the comparison is 13.0% (range 1.50% -25.5%) and is one of the highest 

for all elements examined. Figure 4.24 shows a distribution plot for both data sets. Whilst 

both clearly define the metal processing areas, the MMI results provide much greater contrast 

and show the winged villa site as the hotspot-which is confirmed by the excavations. The 

MMI concentration range is 3-398 ppb (Table 4.10) which is, in effect, a peak/minimum 

geochemical contrast ratio of 132.6 compared with 15.6 for the SAD. A peak/background 

(p/b) ratio (geochemical contrast) was determined using the results from background sample 

SAF13 against which to ratio the peak value. This provided a MMI p/b ratio of 99.5 compared 

with 14.2 for the SAD. It is notable that highest extraction rates are obtained from the samples 

which are highest in both MMI and SAD extractable metal. For example, the background 

sample SAF13 contains 4 ppb MMI Ag and 0.11ppm SAD Ag with an extraction rate of 

3.64% whereas SAF30 (from the winged villa) contains 398 ppb MMI Ag, 1.56 ppm SAD Ag 

and an extraction rate of 25.51%. It is probable that the low MMI extraction rate for the 

background sample is a result of there being little Ag of non-lithologic origin in this sample 

and conversely the high rate for the sample from the metal processing area reflects the greater 

abundance of non-lithologic Ag (most probably derived from the metal processing activities) 

in this sample.  

 

Comparison of the strong acid and MMI data for Ag shows that the results are similar but the 

MMI data shows much greater resolution/contrast. The MMI range is 4-398 ppb (99.5×) 

compared with a strong acid range of 0.05-1.56 ppm (31.2×). The average Ag extraction rate 

MMI/strong acid is 12.98%.The GEMAS Ag extraction rate is 36.8%. 

The geochemical contrast for Ag is significantly higher for MMI than for SAD and the 

assumed anthropogenic contribution is much more readily observable in the MMI data.  
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Figure 4.24 Comparison of Ag in selected soil samples at St. Algar’s Farm measured by 

strong acid digest (left) and MMI (right), plotted over the magnetic gradiometry base map.  

Thallium provides very instructive data for this investigation. The MMI and SAD plots are 

shown in Figure 4.25, and show somewhat different spatial patterns. The SAD results cover a 

small interval of concentrations (0.5-0.8 ppm) whereas the MMI values range from 1.2-9.4 

ppb and give a geochemical contrast of 7.8 compared with 1.6 (Max./Min.) and 1.14 

(Max./background) for the strong acid results. As in the case of Ag, the lowest extraction rate 

is for the background sample (SAF15 – 0.17%) and the highest for the sample (SAF33) from 

the metal ‘hotspot’ Area 1 (1.57%). The extraction ratio (MMI/strong acid) × 100 for this site 

is 1.02%, higher than the mean GEMAS value of 0.5%. Thallium compounds are quite 

insoluble under normal geological conditions but here a substantial amount of Tl (up to 

1.57%) has been extracted by the non-acid MMI solution, which is designed to dissolve the 

readily available loosely bound fraction. It is probable that the bulk of this Tl has been 

released from the Pb ore/material during smelting or cupellation.  

 

MMI Tl shows much greater resolution/contrast, has a wider Max./Min. ratio range of values 

and provides finer detail than the strong acid digestion results. The strong acid result provides 

little definition of the metal processing area.  

The MMI results for Tl are clearly superior to those from the SAD in locating the areas of 

anthropogenic activity at St. Algar’s Farm. 
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Figure 4.25 Comparison of Tl in selected soil samples at St. Algar’s Farm measured by strong 

acid digest (left) and MMI (right), plotted over the magnetic gradiometry base map.  

Barium is an element that has been shown to be associated with the metal processing work at 

this site and displays very anomalous MMI concentrations for many samples. The MMI Ba 

range for the 10 samples for which SAD results are also available is 710-3470 ppb with a 

peak/background ratio of 4.89. The SAD range is 223,000-504,000 ppb with a 

peak/background ratio of 1.6 (using SAF13 as background). The MMI/SAD ratio for Ba is 

0.43%, whilst the GEMAS Ba/SAD ratio is 1.76%; the two sets of Ba data are compared in 

Figure 4.26. The lowest extraction rate for Ba is for the background sample (0.23%) and the 

highest is for the sample from the winged villa (0.69%). Whilst Ba extraction rates are all low, 

as might be expected given the propensity of Ba to readily form quite insoluble mineral 

phases, the notably higher MMI Ba association with the metal processing areas compared 

with only slightly elevated SAD Ba concentrations in these areas (when taken in conjunction 

with the higher MMI extraction rate in the metal processing area) gives strong support to the 

view that there is anthropogenic addition of Ba in the metal processing areas. 

 

The higher MMI geochemical contrast for Ba (compared with SAD) and the fact that the 

MMI Ba extraction rates are higher than those for SAD generally, but particularly in the metal 

processing area, indicates that the MMI technique is providing more useful archaeologically 

significant data than is SAD.   
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Figure 4.26 Comparison of Ba in selected soil samples at St. Algar’s Farm measured by 

strong acid digest (left) and MMI (right), plotted over the magnetic gradiometry base map.   

Much of the St Algar’s Farm site is extensively polluted with lead, as shown by the pXRF and 

MMI results. The extent of this Pb pollution can be gained by looking at the SAD Pb results. 

SAD lead concentrations ranging from 0.46-0.99% Pb were obtained from the samples taken 

in the metal processing and settlement areas from a depth of 15 cm below surface. SAD Pb 

was 366 ppm in the background sample. The average relative extraction rate for Pb was 

difficult to determine because 8 of the 10 samples examined had MMI Pb concentrations > 

UDL. The average extraction rate obtained from the two samples with a measurable MMI Pb 

concentration was 1.5%, which is similar to the rate of 2.03% for the GEMAS samples.  

 

There are insufficient MMI Pb data to allow a reasonable comparison with the SAD results. 

 

Tin is an element that demonstrates interesting behaviour at St. Algar’s Farm. Of the 10 

samples selected for SAD, 6 show MMI Sn in detectable concentrations, the highest being 4 

ppb. The SAD Sn concentrations range from 3.2-164 ppm. These concentrations are high in 

comparison with average continental crust concentrations, which range from 1.7-2.5 ppm 

(Rudnick and Gao, 2003). They are more indicative of the concentrations found in tin bearing 

granite or pegmatite (Berkman, 1995) and support the hypothesis that tin bearing pegmatite 

was brought to and treated at this site. There is a 30 fold difference between the SAD Sn 

concentration in sample SAF19 (sample adjacent to the northwest trackway) and that in the 



105 

 

background sample. The MMI extraction rates are all low which may reflect that the tin is 

present in these samples as cassiterite or tin metal. Whilst a number of the samples which 

were only analysed using MMI extraction returned elevated concentrations, the SAD results 

shown here indicate that SAD may be a better analytical method at this site to obtain a more 

definitive picture of the tin distribution. However, there is little doubt when the SAD results 

are considered with the full set of MMI Sn results, that there has been anthropogenic 

enrichment of Sn on this site.  The MMI and SAD plots for Sn are shown in Figure 4.27.   

  

Figure 4.27 Comparison of Sn in selected soil samples at St. Algar’s Farm measured by 

strong acid digest (left) and MMI (right), plotted over the magnetic gradiometry base map.  

 

4.8.3.1 Conclusion 

 

Examination of the results for a range of elements of interest obtained from the SAD and 

MMI treatment of the 10 selected samples shows clearly (Table 4.10) that, whilst relative 

MMI extraction rates are commonly low, the enhanced peak/background ratio for most 

elements (except Sb) using MMI makes the identification of potentially anthropogenic 

elemental signatures more readily discernible than does SAD. These results confirm the 

hypothesis that, at this site, MMI is generally more efficient in detecting and defining possible 

anthropogenic soil geochemical anomalies than is SAD. 
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4.9 Integrated discussion of findings  

 

The MMI investigations have been successful in defining and spatially delineating the multi-

element soil geochemical signature directly associated with lead processing facility on the St 

Algar’s Farm site. The work has also raised the substantial possibility (previously 

unsuspected) that tin was processed on the site and that the possibility exists that Pb-Sn alloys 

were also produced on the site. The MMI work has also defined new soil geochemical 

anomalies which, given their location, may be indicative of concealed, and as yet 

unexamined, archaeological features. 

 

When compared with the pXRF and SAD results, MMI was found to demonstrate higher 

geochemical contrast for a wide range of elements. This enables much better definition of 

multi-element anthropogenic soil anomalies.   

 

The MMI analyses showed that there is widespread lead pollution across much of the site, 

covering the metal processing areas and the broader area of habitation. It is only in the south 

west corner of the area, where there has been no indication of metal processing, that lead 

concentrations are lower (ranging from 1270-3627 ppb), but still elevated in comparison to 

the S.E England GEMAS concentration of 6ppb (see Table 4.7). These findings are 

corroborative of the pXRF distribution pattern for lead described by Dungworth et al. (2013)  

who found lead concentrations ranging from 28-130 ppm in the south west corner to 1100-

4000 ppm over the metal processing areas. The Pb concentrations from strong acid digestion 

(discussed fully in Section 4.8.3) obtained from 10 widespread MMI soil samples (shown in 

Appendix 4.10) ranged from 180-360 ppm in the south west to 0.46-0.99% over the metal 

processing areas; concentrations which were reflected qualitatively in the MMI results from 

those areas (1670-7620 ppb in the south west corner to all >20,000 ppb for the metal 

processing areas). Comparison of the lead concentrations from the three methods and their 

spatial distributions shows that all three distinguish the metal processing areas from the areas 

where metal processing does not appear to have been undertaken. However, it is not possible 

to determine whether MMI was able to distinguish more detail in the metal processing areas, 

because all MMI concentrations were above the detection limit of the method. 
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Zinc provides a more direct comparison of the MMI results with those obtained from the 

pXRF survey (full details given in Section 4.8.2). Both plots show a widespread distribution 

of relatively low Zn concentrations with a tendency for the more elevated concentrations to 

occur across the settlement area and the Mausoleum. The distribution of Zn is quite different 

from that of Pb. Dungworth et al. (2013) considered the Zn to be primarily of geological 

origin and not related to the metal processing activities. The MMI statistical information 

indicates that zinc is substantially log normally distributed, but may have some contribution 

from an additional (anthropogenic) population. The MMI Zn results are substantially in 

agreement with the findings of Dungworth et al. (2013).  

 

These results clearly show that there is no substantial increased Zn concentration associated 

with the main metal processing sites, an observation supported by the analyses of the Mendips 

ore (17 ppm Zn) and litharge samples (11-131 ppm Zn).  

 

Taken in total, the Zn results indicate that the majority of the metal found on this site is of 

geological origin but that a small contribution may arise from presence of human occupation 

as has been demonstrated elsewhere, for example (Oonk et al., 2009, Wilson et al., 2009). It is 

very unlikely that any significant amount of Zn has been contributed to this site by the metal 

processing operations. However, the possibility may exist that the elevated Zn concentrations 

found in and around the Mausoleum could be related to the human burials recorded there by 

Lambdin and Holley (2011). Human inhumations were found to be elevated in Cu (and other 

elements) at Sutton Hoo (Bethell and Smith, 1989) and it is possible that Zn, an element noted 

by Oonk (2009a, 2009b) to be broadly indicative of human presence, could be at elevated 

concentrations in the vicinity of the Mausoleum.  

4.10 Conclusions 

 

The work at St. Algar’s Farm has conclusively shown that MMI replicates but also produces 

greater resolution and definition of anthropogenically generated soil geochemical anomalies 

than do XRF or SAD. Because of its multi-element capability at very low detection limits 

when used in conjunction with ICP-MS, MMI has been shown to increase the range of 

elements indicative of human activity and more clearly the define functional use of specific 

areas on the St. Algar’s Farm site than the more traditional soil geochemical methods.  In 

addition, this work has generated a number of attractive soil geochemical targets for follow-
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up work. These targets are located in areas which appear, from the geophysical and 

excavation data, to be of considerable archaeological interest.  

 

The St. Algar’s Farm results demonstrate the utility of soil geochemistry, assessed using 

ligand-based partial extractions such as MMI, as a valuable tool for archaeological 

prospection in this area.  
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5.1 THE SOURCE OF THE LEAD THAT WAS PROCESSED ON THE ST. ALGAR’S 

FARM SITE. 

5.1.1 Introduction 

Lead was an important element for the Romans. Lead ores were the major source of silver and 

lead was a commodity which had wide application in Roman society. Lead was used as sheets 

in roofing, coffins, pipes and cisterns, for solder, pewter, weights, weapons (arrow tips and 

sling bolts), seals, tablets, children’s toys and building construction (Smythe, 1923, Tylecote, 

1964). Details of the lead extraction and treatment processes used in Roman times are 

documented in Appendix 4.11.  

 

An important question at St. Algar’s Farm is what was the source of the lead processed at 

this site?  

It is known that within 6 years of the conquest and settlement of Britain, the Romans had lead 

mines operating in the Mendip Hills in South West England, Derbyshire, Shropshire, 

Yorkshire and Wales. The mines at Charterhouse in the Mendip Hills were the most important 

of these. They were only 32 km from St. Algar’s Farm and this close proximity, relative to the 

other mines, has made them the most likely source of the lead processed at St. Algar’s Farm 

(Dungworth et al., 2013). Comparison of the geochemistry of the ore and soils around the 

Charterhouse mines with that from the metal processing residues and soils at St. Algar’s Farm 

has been undertaken to evaluate that hypothesis. 

 

Whilst lead smelting hearths have been documented at a limited number of sites in Britain 

(Dunster and Dungworth 2012, Bayley and Eckstein 1997), to date no remains of Roman lead 

smelting furnaces appear to have been found in Britain (Gowland 1901, p396). However, the 

remains of Roman cupellation hearths have been found at Silchester (Gowland, 1915); 

Wroxeter  (Busche-Fox, 1915); Hengistbury Head (Busche-Fox, 1915); Pentrehyling (Bayley 

and Eckstein, 1998); Green Ore, Somerset (Ashworth and Palmer, 1957-58); Chew Valley 

Somerset (Rahtz and Greenfield, 1977) and at St. Algar’s Farm (Dunster and Dungworth 

2012).. 

5.1.2 The processing of lead at St. Algar’s Farm 

It is clear from the strongly metal anomalous soil, and the remnants of lead metal and 

associated materials found on site, that lead processing was carried out at St. Algar’s Farm. 
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The question is; what was the nature of these activities? Was lead ore roasting carried out 

there to give ‘work lead’? Was ‘softened lead’ produced by the smelting of the ‘work lead? 

Was ‘softened’ lead produced directly from the lead ore by the combined roasting/smelting 

process? Was ‘softened’ or ‘work’ lead cupelled to produce silver?  Was reclaimed debased 

silver cupelled to produce silver? Was litharge recycled by reduction to produce secondary 

lead? What was the source of the material processed? This research attempted to provide 

answers to some of these questions.  

The St. Algar’s Farm excavations of Lambdin and Holley (2012) recovered almost 30kg of 

lead, litharge, slag and cupellation remains in and around the Roman winged villa. They 

stated that this material was evidence of primary cupellation of lead for the extraction of 

silver. Dunster and Dungworth (2012) examined selected samples of the materials derived 

from the excavations. Most had a surface coating of cream-coloured corrosion, thought to be 

cerussite (lead carbonate). These samples were found to be of different types of material; 

mainly lead, litharge, lead slag, cupellation remains (hearth lining) and lead ore.  The litharge 

examined was found to contain a pink red core beneath the cream-coloured surface corrosion. 

This was believed to be an indication that the material contained no copper, which tends to 

colour the litharge green. It was further believed that the material was primary litharge 

produced during the extraction of silver from lead, rather than secondary litharge produced 

when silver is recovered from debased silver alloys, which commonly contains in excess of 

7% copper (Bayley and Eckstein, 1997, Girbal, 2011).This is because up to 44% silver 

dissolves in Cu2O and when the smelted alloy is copper rich (as is commonly the case in 

debased silver alloys) much silver is absorbed with the copper oxide in the hearth lining 

(Girbal 2011, p3).  Analysis of seven samples of the litharge by Dunster and Dungworth 

showed that six contained CuO concentrations of < 0.1% (the seventh contained 1.0% CuO).  

 

Strong acid digestion (SAD) was carried out as part of this research on subsamples of the six 

litharge samples having low copper concentrations obtained from Dr D. Dungworth at English 

Heritage, Portsmouth Multi-element analytical results are shown in Appendix 4.9 along with 

analyses of litharge from a comparable Roman site in the UK and an analysis of galena from 

Grebe Swallet Mine, Charterhouse (Mendips Lead ore). Table 5.1 shows the analyses for a 

selected range of elements, and confirm the low concentration of copper in these litharge 

samples. All returned copper concentrations in the range 57-191 ppm (median 126.5 ppm), 

which is consistent with the view that this litharge is associated with primary rather than 

secondary cupellation. The analysis of the Mendips galena sample returned a Cu 
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concentration of only 3 ppm, and low Cu concentrations from the litharge are consistent with 

the litharge having been derived from the Mendips ore, but also consistent with a derivation 

from some other low Cu source. It is also possible that the low copper content of these 

litharge cakes has been the result of cupellation of well purified ‘soft lead’ derived from a 

more Cu rich source. However, as copper and bismuth are difficult to remove during the 

smelting/cupellation process (Smythe, 1923) because they are not as easily oxidised as lead, it 

is likely that if the ore being processed contained substantial amounts of Cu and /or Bi, 

elevated concentrations of these elements would be expected to be absorbed into the litharge. 

That this has not occurred at St. Algar’s Farm is supportive of the assertion that the processed 

ore or ‘work lead’ had low concentrations of Cu and Bi. The Mendips galena is low in Cu 

(3 ppm) and also in Bi (<0.1 ppm) and the St. Algar’s Farm litharge samples contain Bi at 

concentrations equal to or lower than the lower limit of detection (0.1 ppm). 

 

Table 5.1 Strong Acid Digest results for selected elements from Mendips lead ore and litharge 

samples from St. Algar's Farm (SAF) and Brompton (Pentrehyling). Analyses are in ppm and 

results shown as X are below the Lower Limit of Detection (LLD). 

 

 

 

Examination of the analyses in Table 5.1 shows that the concentrations of As, Cd, Co, Mo, 

Nb, Ni, Sb, Sn, Tl and Zn for the St. Algar’s Farm litharge samples are similar to the Mendips 

SAMPLE NUMBER Ag As Ba Bi Cd Co Cu Mo Nb Ni Pb Sb Sn Tl Zn

Galena Mendip ore. 54.2 11 8 X 0.2 0.2 3 X X X 42.50% 162 X 1.6 17

SAF STA 1 0.22 94 91 X X 0.7 127 0.3 X 9 >2000 19 0.9 0.4 22

litharge STA 3 12.3 156 188 0.1 0.2 2.6 117 0.6 0.3 50 >2000 67 1.6 0.3 131

STA 4 1.78 109 42 X X 0.6 129 0.7 X 13 >2000 49 0.5 0.2 29

STA 6 23.7 19 22 0.1 X 0.6 57 0.5 0.2 2 >2000 12 0.9 0.7 16

STA 9 1.18 374 79 X X 0.7 191 X X 41 >2000 58 1.5 0.2 11

STA 10 25.9 70 41 0.1 X 0.6 126 0.4 0.1 12 >2000 7.7 2.7 0.2 29

Pentrehyling Brompton 1 7.65 1 165 X X 0.3 197 X 0.1 3 >2000 X 8.3 X 11

litharge Brompton 2 2.5 2 357 X X 1.2 218 0.2 0.4 6 >2000 12 2.4 X 25

Brompton 3 2.75 2 212 X X 0.4 279 X 0.2 4 >2000 0.6 3 X X

Brompton 4 1.8 2 271 X X 0.8 195 0.1 0.3 11 >2000 3.3 2.2 X 8

LLD 0.05 1 2 0.1 0.1 0.1 2 0.1 0.1 2 1 0.1 0.3 0.1 5

UNITS ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm
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galena. Whilst this could be fortuitous because the cupellation was efficient (which it 

commonly was not - (Girbal, 2011)), it is much more likely that the ore source was low in 

these elements. This likelihood is further supported by the observation of the silver content of 

the litharge. The range in Ag concentration is considerable (0.22 ppm to 25.9 ppm – or 0.83 

oz. /ton) compared to the Ag concentration of the Mendips galena (54.2 ppm – or 1.74 

oz./ton) indicating that, whilst some Ag extractions were efficient, others were not (only 

around 50% extraction). This conclusion can probably be applied to the other trace elements, 

and if so, makes it very likely that the source ore material had a trace element profile similar 

to the Mendips galena. Hence, it is likely that low copper Mendips lead ore was the source of 

the litharge at St. Algar’s Farm.   

It is interesting to compare the elemental concentrations obtained in litharge from the 

Pentrehyling (a Roman fort at Brompton in Shropshire) with those obtained from the St. 

Algar’s Farm litharge. Examination of the analyses in Table 5.1 shows that there is a limited 

concentration range for individual elements in the Pentrehyling samples and that there is a 

clear difference in concentration of a number of elements between these and the St. Algar’s 

Farm samples. Relative to the Pentrehyling litharge samples, the St. Algar’s Farm samples 

contain greater concentrations of As, Tl and Sb and less Cu, Ba and Sn. This is to be expected 

as the ore sources were almost certainly different and it adds confidence to the use of trace 

element concentrations in litharge as one possible indicator of primary ore trace element 

content. 

 

Dunster and Dungworth (2012) undertook major element (and Pb) analyses on subsamples of 

the same litharge samples from St. Algar’s Farm as those for which trace element results are 

shown in Appendix 4.9 and Table 5.1. Results are given (same sample numbers as shown in 

Table 5.1) in Table 2 of their paper and show that these lead rich (all > 80% PbO) samples 

contain minor amounts of calcium (CaO 3.1 – 8.2% ) and silicon (SiO2 6.5 – 12.3%), 

suggesting to them that the cupellation hearths were not composed of bone ash. The highest 

Ca value obtained from the MMI samples was located over the winged villa where it is 

considered (by Dunster and Dungworth, 2012) that much of the smelting and cupellation 

work was undertaken and may be supportive evidence for the view that the cupellation 

hearths were made of marl. The low P concentrations (all below the detection limit), the fact 

that Ca silicate minerals (wollastonite – Ca SiO3) were detected during SEM investigations of 

the litharge and the low, but consistent (0.3 – 0.6%) concentration of MgO in the samples are 

consistent with the probability that the hearth material was marl, an assertion which could be 
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evaluated by microscopic inspection for the presence of microfossils which might be expected 

in such material. 

 

Dunster and Dungworth (2012) also analysed (for major elements and lead) two small 

samples of lead slag from St. Algar’s Farm (Table 3). One sample was considered to be a 

reaction product between the slag and furnace wall whereas the other sample was composed 

of quartz and recrystallised silica polymorphs within a lead-rich glassy matrix and considered 

to be slag. These samples were very Pb rich (31.4 – 42.7% PbO) and indicative of an 

inefficient smelting process. The major element composition of the St. Algar’s Farm slag was 

found to be consistent with that of samples of slag from the limited number of other Roman 

lead smelting sites found in Britain (Dunster and Dungworth (2012, p5)). 

 

Lead isotope analysis could have provided useful information on the provenance of the St. 

Algar’s Farm lead, but was not carried out due to budgetary constraints.  It should be 

seriously considered if further work is on this site. 

5.1.3 X-Ray Diffraction 

The pXRF survey of the St. Algar’s Farm site carried out by Dungworth et al. (2013) 

measured elemental concentrations at the soil surface after removal of the turf. No soil 

samples were taken and hence no work was carried out to determine the mineral assemblage 

responsible for the widespread occurrence of lead found (David Dungworth pers. comm.). To 

provide mineral assemblage data, a limited number of the MMI soil samples were subjected to 

X-ray powder diffraction (XRD) analysis to examine the possibility that the presence lead 

minerals could be detected. The samples selected were the same ten that had been analysed 

using SAD and which showed lead concentrations ranging from 180 ppm to 0.99% Pb. With 

pXRF lead concentrations ranging from about 0.5 to 1.0% in the lead polluted areas, it was 

thought that there may have been sufficient lead mineral present to give a response on the 

XRD patterns. 

 

Table 5.2 shows the location, MMI enriched elements of interest, the SAD Pb content and the 

indicative lead and barium minerals present in the samples on which XRD analyses were 

carried out. The XRD patterns showed that the samples were primarily composed of quartz 

with the clay minerals kaolinite, dickite and smectite present in minor, but variable amounts. 

The diffraction patterns of the lead enriched samples showed possible indications (shown in 
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Table 5.2 as (?)) of the presence of small amounts of hydrocerussite (Pb(CO3)2(OH)2), 

commonly known as white lead; anglesite PbSO4, and leadhillite Pb4(SO4)(CO3)(OH)2. Figure 

5.1 shows the XRD powder diffraction pattern of SAF40, a high Pb sample located in the 

metal processing area. The trace shows that hydrocerussite and anglesite are possibly present, 

but the presence of these minerals in small quantities is masked in the commonly overlapping 

strong quartz and clay peaks. The problematic identification of these lead minerals was based 

upon correspondence of at least two substantial peaks with the reference X-ray powder 

diffraction pattern (International Centre for Diffraction Data, 2004) for each mineral. There 

was no indication of these minerals in the samples which had a low lead content. In addition, 

barian celestine ([Ba,Sr]SO4) was possibly present in sample SAF 9. This is feasible, as the 

sample contained 1890 ppb MMI extractable Ba and 1440 ppb MMI extractable Sr. The 

relative extraction rates (MMI to total element) for Ba and Sr are in the order of 0.286% for 

Ba and 1.66% for Sr (Mann et al., 2014) which could mean that the total content of these two 

elements in the sample may be around 0.66% Ba and 0.1% Sr concentrations which may 

allow Ba and/or Sr mineral phases to be detectable using the scanning procedure adopted 

(documented in Appendix 1). If present, the celestine would be a very Ba-rich variety. 

Surprisingly, no barite was detected in this sample which was taken from a site on, or close to, 

the trackway, along which it is believed that the ore (likely (nominally) barite bearing lead ore 

from the Mendip deposits) was transported, and which is believed to be the source of the Ba 

found in the soil.  

 

The XRD results provide useful information on the possible processes of lead movement on 

the site. The Dunster and Dungworth (2012) investigations showed that, where lead was 

present in anomalous amounts, it was primarily present as the oxide, litharge, in the Roman 

metallurgical context. The current investigation suggests that in the soil overlying (in most 

cases by less than a metre) the Roman strata, lead is primarily present as the hydroxy-

carbonate, hydrocerussite. This may result from the dissolution of litharge by rainwater 

(normal acid pH around 5.6), pore water or bicarbonate (HCO3
−
) rich groundwater (not 

surprising as the basement to the site is either limestone and/ calcareous marl) or possibly by 

upward transport of the lead (probably as hydrated lead complexes) in the groundwater by 

transpiration and then deposition in the evaporation zone as the sparingly soluble mineral 

hydrocerussite. 
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In samples SAF33 and SAF40, which are in or around the area of Building 1 and where the 

MMI geochemistry is suggestive of roasting of sulphide ore having been carried out, the lead 

in the overlying soil appears to be present as the sulphate anglesite or possibly the complex 

hydroxy carbonate sulphate mineral, leadhillite (Pb4(SO4)(CO3)(OH)2). In this potentially 

sulphur rich Roman environment (where sulphide ores appear to have been roasted/smelted), 

some lead may have been present as unroasted galena (PbS) or as a secondary sulphate such 

as anglesite. The transport of lead upward by groundwater/rainwater/pore water enriched in 

carbonate and possibly sulphate ions and its deposition in the overlying soils as sulphate or 

complex lead minerals is considered likely. 
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Table 5.2 XRD mineralogy, Pb and other trace element enrichments in St. Algar's Farm 

samples selected for strong acid digestion. 

SAMPLE 

SAMPLE 

LOCATION 

MMI 

ENRICHED 

ELEMENTS 

SAD 

Pb 

(%) 

Pb MINERALS 

FROM XRD 

MINERALOGY 

SAF 9 On trackway.  Ba, Pb, Tl, Sb, 

(Sn, Cu). 

0.99 Barian celestine (?), 

hydrocerussite (?) 

SAF 13 Located in an area of 

undisturbed magnetics- 

background sample.  

  366 

ppm 

  

SAF 15 Located in an area of 

undisturbed magnetics. 

Ti, Cs, Li, Mn, 

Nb, Rb, Sc, Sn, 

Th, Zr, Cr, K. 

180 

ppm 

  

SAF 19 On trackway.  Ba, Pb, Tl, Sb, 

Mn 

0.58 Anglesite (?), 

hydrocerussite (?) 

SAF 30 In winged villa. Ag, Au, Ba, Pb, 

Tl, Ca, Sb, Cu, 

Ni. 

0.46 Hydrocerussite (?) 

SAF 33 Within Building 1.   Ag, Ba, Pb, Tl, 

Sb, (Au, Sn, Cu, 

Nb, Ce). 

0.55 Hydrocerussite (?), 

leadhillite (??) 

SAF 40 North part of Area 1. Ag, Au, Ba, Pb, 

Tl, Sb, Cu, Nb, 

(Mn, Ni). 

0.75 Hydrocerussite (?), 

anglesite (?) 

SAF 41 South part of Area 1, 

east of the winged villa.  

 Ag, Ba, Pb, Tl, 

Sb, Cu, Sn, (Au, 

Ca, Ni). 

0.57 Hydrocerussite (?) 

SAF 51 Adjacent to the pond.  Nb, Ti, Tl, Pb, 

Fe, Sb, Mn, Cr, 

Sc, Sr, Th, Zr, P, 

K, Rb, Li, REEs, 

(As, Cu, Ni). 

996 

ppm 

Hydrocerussite (??) 

SAF 53 On the farm track.  Pb, Tl, Sb, Nb, 

Cu, Mn, (Ag, 

Au, Ni, Ce, Th, 

Fe) 

0.46 Hydrocerussite (?), 

anglesite (?) 

Hydrocerussite  Pb(CO3)2(OH)2 commonly known as white lead; Anglesite PbSO4; 

Leadhillite Pb4(SO4)(CO3)(OH)2; Barian celestine [Ba,Sr]SO4 
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Figure 5.1 XRD powder diffraction pattern of sample SAF40 (0.75% Pb), taken from within 

the metal processing area. The diffraction pattern displays peaks which are possibly indicative 

of hydrocerussite and anglesite.  

5.1.4 Degree of Geochemical Similarity (DOGS) analysis 

To further test the hypothesis that the lead ore processed at St. Algar’s Farm was derived from 

the Charterhouse Mines in the Mendip Hills, multi-element MMI data from soil samples  

collected at Charterhouse lead mine (Appendix 4.12) were compared the MMI results from 

the samples taken at St. Algar’s Farm. The comparison was made through the use of the 

DOGS (Degree of Geochemical Similarity) technique, a simple statistical method used to 

quantify and map similarity between samples from multi-element geochemical data sets 

(Mann et al., 2016). The log transformed mean elemental concentration for each element of 

the Charterhouse soils (MD Mean) was used as the comparator against which all of the St. 

Algar’s Farm samples were evaluated. The DOGS Correlation Coefficients are shown in 

Appendix 4.13; the values range from 0.798 in the area of geochemical background to 0.898 

near the northwest trackway, along which it is believed the ore was transported to the metal 

processing site.  Values of greater than the maximum background of 0.880 were obtained for 

samples (13) from northwest trackway area, the metal processing area and areas adjacent to it. 

A contoured map of the DOGS CC values, together with ranges of actual DOGS-CC values, 



121 

 

is shown in Figure 5.2. The rationale for using kriged contouring is given in Appendix 1.1. It 

reveals a pattern very similar to that shown by the plot of the Base and Noble Metal Index for 

the St. Algar’s Farm MMI samples and is strongly indicative that the ore materials processed 

at St Algar’s Farm were sourced from the Mendip lead mines.  

    

Figure 5.2 Contoured  plot of the DOGS Correlation Coefficients between the log transformed 

Mendip Mean soil MMI elemental suite (the Comparator) and St. Algar’s Farm samples. 

Contours are shown upon the gradiometry base. The approximate position of the northwest 

trackway is shown with the broken line.  

 

5.1.5 Degree of Geochemical Anomalism (DOGA) testing 

Whilst the DOGS technique provides information on the geochemical similarity of samples, a 

variant of the method can be used to draw out geochemical differences between samples. This 

is the DOGA (Degree of Geochemical Anomalism) technique and draws attention to the 

differences between element concentrations in multi-element samples. This is achieved is by 

normalizing each of the log transformed data sets to a standard data set. That could be the 

average elemental crustal abundances or some other standard reference source. In the case of 

St Algar’s Farm and the Mendip MMI data sets the log transformed elemental means of the 

S.E. England GEMAS MMI were selected. By calculating a ratio of elemental concentrations 
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in the test data sets against elemental concentrations from the GEMAS data, the resulting 

ratios clearly show which elements are present in anomalously high or low concentrations 

when compared with the normalizing standard. If the comparator sample has high log 

transformed normalized ratios for some elements, the DOGA correlation coefficient will be 

much higher in test samples showing similar elemental enrichments and lower in samples that 

are not enriched. This technique employs the basic DOGS technique; the difference being that 

the normalizing of the data produces clearer contrast, whereas the un-normalized data show 

similarities.  

 

The use of the two techniques sequentially produces additional valuable information on what 

are the critical elements which produce the high geochemical similarity between the 

comparator sample and the test sample. 

 

To demonstrate this, the DOGA technique was applied to the log-transformed Mendip Mean 

and St. Algar’s Farm data normalized to the mean elemental concentrations of the S.E 

England GEMAS samples. The DOGA correlation coefficient values are also shown in 

Appendix 4.13, and are much lower (maximum value of 0.79) with a much wider spread 

(-0.82 to 0.79) of values than the DOGS correlations which range from 0.79 to 0.90. The 

DOGA results demonstrate the same pattern as the un-normalized data but highlight, in 

greater detail, the association of high values with the north-western trackway and the metal 

processing area. This is well demonstrated on the contoured distribution plot (Figure 5.3). The 

reason for this is the greater contrast achieved for the elements critical for defining the metal 

processing and northwest trackway into the St. Algar’s site by use of the normalized data. 

This can be demonstrated by examination of the multi-element XY scattergrams of the 

normalized and un-normalized log transformed data for the MD Mean and SAF24, a sample 

from the north-western trackway close to the major metal processing site in the winged villa.  

The un-normalized (DOGS) XY scatterplot plot (Figure 5.4) shows the expected clustering of 

the data points around the linear regression trend line with R
2
= 0.51. Comparatively, the XY 

scatterplot of the GEMAS normalized log transformed data reveal the major contributors to 

the high DOGS Correlation Coefficients associated with the metal processing areas and the 

north-western trackway (Figure 5.5). These are the elements Ba, Pb and to a lesser extent Zn 

and Au, which appear as outliers on the XY plot. The normalizing of the data sets has 

significantly sharpened the ability of the DOGS/DOGA correlation method to define the 
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important elements which distinguish such features as those associated with the importation 

and processing of base metals at St Algar’s Farm. 

 

    

Figure 5.3 Contoured plot of the DOGA Correlation Coefficients between the log transformed 

Mendip Mean soil MMI elemental suite (the Comparator) and St. Algar’s Farm samples 

normalized to the S.E. England GEMAS elemental concentrations. Contours are shown upon 

the magnetic gradiometry base map. The approximate position of the northwest trackway is 

shown with the broken line.     
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 Figure 5.4 Scatterplot of log transformed multielement MMI data from SAF24 (from 

the metal processing anomalous area) vs Mendip Mean log transformed multi-element MMI 

data. The regression line is shown in black. 

  

Figure 5.5 Scatterplot of GEMAS normalized log transformed multielement MMI data from 

SAF24 (from the metal processing anomalous area) vs Mendip Mean. The elements Ba, Pb, 

Zn and Au are outliers from the bulk of the elements. These elements are significant 

contributors to the anomalous contoured area of DOGS CCs which clearly define the metal 

processing areas and north-western trackway into the St. Algar’s Farm site.  

R² = 0.51 
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It has been found that by using the raw normalized (to GEMAS Means) data for the SAF 

samples and Mendip Means instead of the log10 transformed data, focus on the main areas of 

metal processing (over the winged villa and Building 1) is sharpened. This is well 

demonstrated in Figure 5.6 which shows that the DOGA contours are more focussed on the 

metal processing area over the winged villa and Building 1 than those using the log 

transformed normalized data (Figure 5.3) which tend to highlight the north-western trackway 

in addition to the metal processing area. The normalized raw data plot provides an ideal 

intermediary between the log transformed DOGS correlation plot (Figure 5.1) and the 

normalized log transformed DOGA correlation plot. It clearly defines the scope of the metal 

processing area but also gives better detail of the focus of the metal processing activities. 

 

 

Figure 5.6 Contoured plot of the DOGA Correlation Coefficients between the Mendip Mean 

soil MMI elemental suite (the Comparator) and St. Algar’s Farm samples. Both data sets 

normalized to the S.E. England GEMAS elemental concentrations. Contours are shown upon 

the gradiometry base. The DOGA contours are more focussed on the metal processing area 

over the winged villa and Building 1 than those using the log transformed normalized data 

shown in Figure 5.3. 
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5.1.6 Conclusions 

 

When taken as a whole, the limited evidence available suggests that silver bearing galena ore, 

low in most trace elements (particularly Cu and Bi), from the mines in the Mendips Hills was 

roasted at St. Algar’s Farm to produce ‘work lead’. An important piece of evidence is the 

occurrence of strong Ba enrichment in the MMI samples from the metal processing area, as 

Ba is a known constituent of the Mendips ore gangue. Lead rich dust and fumes (possibly 

composed of Pb vapour, white lead (Pb CO3,Pb(OH)2), litharge, cerussite or a combination of 

all of these ) produced during the roasting process are likely to have caused much of the 

widespread Pb soil pollution currently evident on the site (Pb values from MMI samples 

analysed by SAD ranged from 0.46 – 0.99% Pb in the polluted area, as shown in Appendix 

4.9). The lead produced was then probably smelted and cupellated (in the one process) to 

produce silver using small (up to 1 m diameter), shallow cupellation hearths lined with locally 

derived marl. The process of silver extraction appears commonly to have been inefficient, 

with substantial quantities of silver being lost to the cupellation hearth lining. The 

considerable volume of litharge found on the site and (in part) the widespread Pb pollution 

indicates that the litharge produced during smelting/cupellation was probably not retreated to 

produce lead. It is probable that the smelting/cupellation and probably also the roasting 

processes were carried out in the vicinity of the winged villa. 

 

The systematic comparison of the acid digest geochemistry combined with the multi-element 

MMI soil geochemical data from St Algar’s Farm with the equivalent from the immediate 

vicinity of the Mendip Pb Mines leaves little doubt that these mines were the major source of 

the lead ore processed at St. Algar’s Farm. 

 

It appears very likely that at St. Algar’s Farm processing of lead ore was undertaken by 

private concerns under contract to the Roman administration (by this time the Roman 

administration carried out little of this work using its own labour force) to produce silver and 

probably other lead bearing alloys in the vicinity of the Roman winged villa during the 2
nd

-4
th

 

Century CE. That such a location would have been ideal for this activity is well demonstrated 

by reference to the Roman road map shown in Figure 5.7. The site lies on a projected 

extension of the road leading south from Bath (Aqua Sulis), is adjacent to the main road from 

the Mendips to Sorbiodvnvm (Old Sarum) and close to the main Ilchester to Aqua Sulis road. 
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Reference to Roman records of villa ownership and tax records would greatly assist in the 

verification of these assertions. Unfortunately, no British Roman records of these types appear 

to exist at present (Prof. David Kennedy, Dr. David Dungworth pers. comm).  

 

 

 

Figure 5.7 The location of St. Algar’s Farm and Bruton (where a lead pig dated 164-169 CE 

was found – See Gowland 1901, p 402) on a map showing Roman roads provided courtesy of 

Dr. David Dungworth. 

 

 

St. Algar’s Farm 

Bruton 
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5.2 THE TIN PROBLEM 

5.2.1 Introduction 

The occurrence of a limited number of samples (15) with detectable, to elevated, Sn 

concentrations, and the presence of some samples with anomalous Pb and/or Cu 

concentrations, raised the possibility that, as this was a significant metal working site, perhaps 

Sn bearing pegmatite ore was also processed here to extract cassiterite (the major Sn ore 

mineral) to manufacture bronze (Cu-Sn alloy) or pewter (Pb-Sn alloy).  

 

5.2.2 Index plots and the Tin Problem 

Correlation, and Principal Components analysis, and multi-element profiling, delineated in a 

number of samples a group of elements characteristic of those found in pegmatites. This was 

designated the Pegmatite Lithology Suite and contained Sn. A composite element index, the 

PEG + Index was constructed to examine the distribution of this suite of elements (Cs, Nb, 

Rb, Th and Zr) over the site. The importance of the PEG
+
 Index is that it may provide 

evidence for the presence of Sn processing activities at the site.  

 

To further investigate the possibility that bronze was manufactured on site, a Bronze Index 

(Cu × Sn) was constructed. Whilst not conclusive, it is unlikely any bronze making was 

carried out on this site. 

 

To examine the possibility that pewter manufacturing may have contributed to the elevated Sn 

concentrations on site, a Pewter Index (Sn × Pb) was constructed.  Whilst the Pewter Index 

(Appendix 4.8) plot provides no direct evidence for pewter manufacture at St. Algar’s Farm, 

the discovery of pewter fragments during field walking, the occurrence of high concentrations 

of tin and lead, the presence of evidence of substantial refining of metal on the site and the 

close proximity of known contemporaneous pewter manufacturing sites make it likely that at 

least some pewter (and/or other Pb-Sn alloy) making activity was carried out on this site.  

 

Roman pewter was manufactured locally at Camerton, about 32 km to the south west. It was a 

major centre for the manufacture of Roman pewter from about 250 AD until the early 5
th

 

century (Wedlake, 1958) and it is possible that pewter was also produced at the St. Algar’s 

Farm site using the Mendips lead ore and tin ore from Cornwall or Devon. The geology of the 
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St. Algar’s Farm site proscribes the occurrence of in situ Sn. The closest possible source of Sn 

ore available in Roman times would have been from Dartmoor in Devon, a distance of about 

130 km to the southwest, where tin was mined by the Romans at Erme Valley (Thorneycroft 

et al., 2004). The lead for the pewter at Camerton was most likely derived from the nearby 

(27 km) Mendips Charterhouse lead deposits ((Cousins, 2014), p60). The Charterhouse mine 

is only 32 km from St. Algar’s Farm and is very likely to have been the source of the lead ore 

processed there.  

 

5.2.3 The source of the tin 

The presence of MMI detectable Sn in the St. Algar’s Farm soil samples is considered to be 

important because tin most commonly occurs as cassiterite (SnO2), a mineral which is 

extremely insoluble under ambient conditions and little of it would be expected to be 

extracted by MMI solution. The NGSA and GEMAS MMI surveys returned minimal 

information on Sn, but it was concluded that the MMI extraction rate, compared to the total 

Sn content (as determined by XRF) was <0.001% (see Appendix 4.10). In light of this 

finding, the occurrence of measurable concentrations of MMI extractable Sn at St. Algar’s 

Farms is indicative of Sn-bearing material being present on the site in substantial amounts.   

 

If significant quantities of Sn ore were brought to the site for treatment, evidence of the host 

rock pegmatite may be expected to be detectable. The PCA identified of group of samples 

having elevated concentrations of MMI Sn and elements characteristic of pegmatite lithology. 

This lead to the construction of the Pegmatite
+
 Index (see Chapter 4, Figure 4.19b) which 

identified sample SAF15 as being elevated in concentrations of MMI Cs, Li, Nb, P, Rb, Sn 

Th, Ti, and Zr. The extent of multi-element enrichment of these elements (as well as Al, As, 

Cr, Ga, K, Sc and Ti) compared with soil geochemical background is well demonstrated by 

the plot of the difference in log transformed concentration between SAF15 and the 

background sample SAF16 shown in Chapter 4, Figure 4.21b. The log10 difference between 

these two samples is > 0.5 for each of these elements. This is equivalent to a 3.69 fold 

concentration difference, is considered to be anomalous and strongly indicative that sample 

SAF15 contains pegmatitic material.   

 

As was noted above, the geology of the St. Algar’s Farm site proscribes the occurrence of in 

situ Sn-bearing pegmatite and the closest possible source of Sn-bearing pegmatite ore 
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available in Roman times would have been from Dartmoor in Devon. It is considered that this 

was the likely source of the Sn pegmatite presumed to have been used at St. Algar’s Farm. To 

test this hypothesis soil samples were taken over a number of pegmatites in Derbyshire, 

Devon and Cornwall by Dr. Alan Mann in September 2015. These samples were subjected to 

MMI analysis for 53 elements to provide MMI data directly comparable with those obtained 

from soils at St. Algar’s Farm. Analyses are presented in Appendix 4.14 in both raw form and 

log10 transformed.  

5.2.4 Degree of Geochemical Similarity (DOGS) testing 

 

To test the hypothesis that Sn-bearing pegmatite ore was processed at St. Algar’s Farm and 

that it was derived from Roman Sn mines in Devon and/or Cornwall, multi-element MMI data 

from soil samples collected over the Derbyshire, Devon and Cornwall pegmatites (Appendix 

4.14) were compared the MMI results from the samples taken at St. Algar’s Farm. The 

comparison was made through the use of the DOGS (Degree of Geochemical Similarity) 

technique. The log transformed mean elemental MMI concentration for each element of the 

‘pegmatite-like’ St. Algar’s Farm sample SAF15 was used as the comparator against which  

the pegmatite samples were evaluated to see which pegmatites displayed geochemistry similar 

to that of SAF15. The DOGS Correlation Coefficients for each pegmatite are shown in Table 

5.3. The full DOGS Correlation Coefficients data are shown in Appendix 4.15.  

Table 5.3 DOGS Correlation Coefficients for selected UK pegmatites compared with sample 

SAF15 from St. Algar’s Farm.  

 

ALL PEGMATITES TIN-BEARING PEGMATITES

Location Sample DOGS (DEVON AND CORNWALL)

Chesterfield #4571 DE01 0.943

Carsington Pb DE02 0.896

Matlock Pb DE03 0.860 DOGS Location Sample 

R. Erme Dartmoor DC04 0.906 0.906 R. Erme Dartmoor DC04

R. Plym Dartmoor DC05 0.911 0.911 R. Plym Dartmoor DC05

Soilover Sn DartmoorDC06DC06 0.868 0.868 Soilover Sn DartmoorDC06DC06

Dartmeet Dartmoor DC07 0.915 0.915 Dartmeet Dartmoor DC07

R. Dart Dartmoor DC08 0.930 0.930 R. Dart Dartmoor DC08

St Neot R. Bodmin BO09 0.935 0.935 St Neot R. Bodmin BO09

R. Fal Grampound CO10 0.913 0.913 R. Fal Grampound CO10

Wheal Jane Truro CO11 0.871 0.871 Wheal Jane Truro CO11

SAF pegmatite type  MMI sampleSAF 15 1 1 SAF pegmatite type  MMI sampleSAF 15
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The DOGS Correlation Coefficients range from 0.871 for the pegmatite associated with the 

Wheal Jane tin mine at Truro in Cornwall to 0.943 for the Chesterfield pegmatite in 

Derbyshire. When compared with the  DOGS Correlation Coefficients in Mann et al. (2016), 

these correlations are indicative of substantial multi-element geochemistry similarity between 

the soils associated with the pegmatites and the SAF soil sample SAF15. It is indicative that 

the SAF15 soil does contain a substantial pegmatite component. It is noteworthy that only the 

Devon and Cornwall pegmatites contain measurable MMI Sn concentrations. It is considered 

possible that any of these pegmatites could have been, either singularly or in combination, the 

source of the St. Algar’s Farm pegmatite. 

 

To test which pegmatites showed the greatest multi-element geochemical similarity with the 

St. Algar’s Farm samples, DOGS correlations were calculated for the St. Algar’s Farm 

samples separately using each of the Devon and Cornwall samples as the discriminant. The 

pegmatites within, and in the vicinity of, the Erme Valley (DC 04, 05, 07 and DC08) all 

returned DOGS values for SAF15 (the sample that showed the highest pegmatite affinity of 

all the St. Algar’s Farm samples) of > 0.906, indicating considerable multi-element 

geochemical similarity. 

Whilst not conclusive, these results strongly support the hypothesis that the Sn bearing 

pegmatite processed at St. Algar’s Farm was derived from pegmatite sources in or around the 

Erme River valley in Dartmoor, where the Romans were known to have mined Sn. 

 

5.2.5 The distribution of tin and the nature of the tin processing at St. Algar’s Farm 

The spatial distribution of MMI Sn at St. Algar’s Farm is shown in Figure 5.8. This figure 

shows the highest Sn value to be in a discrete sample near the southern border of the area. 

Samples containing elevated Sn values occur in SAF15 at the southern margin of the area and 

in the sample adjacent to the pond in the north. Slightly elevated Sn values occur in samples 

adjacent to the trackways and in the metal processing area.  
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Figure 5.8 St. Algar’s Farm MMI Sn shown as interpolated contours and actual values in ppb, 

on magnetic gradiometry base map. 

 

Table 5.4 shows the MMI concentration of the typically pegmatite elements in the Sn bearing 

samples from St Algar’s Farm. The samples are grouped on the basis of their Pegmatite + 

Index score. Samples SAF15 and SAF51 contain elevated Sn concentrations and are 

considered to be the samples containing the greatest contribution from pegmatite although it is 

unlikely that any relict pegmatite remains. Whilst these sample exhibit a composition 

resembling that of pegmatite it must be remembered that these soil samples are a hybrid, 

composed of materials from a number of sources and would not be expected to completely 

mirror pegmatite geochemistry. It is conjectured that these samples are indicative of sites 

where the Sn-rich pegmatite was stockpiled prior to processing. Samples SAF 14 and SAF63 

are adjacent to those samples and are considered to be samples from the margins of the 

stockpiles and are diluted by non-pegmatite soil materials.  
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Table 5.4 MMI concentration of elements typical of pegmatite for St. Algar’s Farm Sn 

bearing soil samples. Five different groups are defined based upon variation in element 

concentrations as reflected by values for the PEG
 
+ Index. The groups are not sharply defined 

and the gradation between groups may be due to admixture of non-pegmatite source material. 

Elemental values for soils derived from two Dartmoor pegmatites are shown for comparison. 

 

Sample SAF44 is the sample with the highest Sn content (17 ppb). It is notable that this 

sample has a low concentration of a number of the elements characteristic of pegmatite. This 

is particularly so for the lithophile elements Cs, Li and Rb, but less so for Zr and Th, which 

are commonly present in resistate minerals such as zircon and monazite. It is considered that 

this sample may be representative of a site where the pegmatite was sluiced to produce a 

cassiterite concentrate (which would also contain any zircon or monazite present). The sample 

was taken from a site adjacent to a small stream (now a drainage ditch) which is consistent 

with it having been a sluicing site as water was available at this place. 

 

A number of the samples containing 1-2 ppb Sn (SAF31, 34) come from within the metal 

processing area and contain 7.8 ppb and 6.6 ppb Tl respectively. This may be indicative of the 

processing of Sn into pewter type alloys, as the samples are also Pb rich (both > ULD). It may 

also mean that they represent sample sites where pegmatite was lost during transport and 

mixed with the Pb and Tl rich soils in the metal processing area. The fact that some other 

samples with 1-3ppb Sn are located on or adjacent to the ancient trackways SAF8, 9, and 53) 

would support that conclusion. However, it cannot be argued conclusively that some Pb-Sn 

alloy production was not undertaken at St Algar’s Farm. Many of the other samples appear to 

display elemental geochemistry indicative of material derived from pegmatite admixed with 

minerals derived from the local geology.  

SAMPLE Cs Li Nb Rb Sn Zr Th Tl P Ti U PEG + INDEX

R. Erme 83.1 26 5.4 172 30 59 51.5 2.5 7.8 443 158 PEGMATITE

R. Plym 83.9 32 13.8 170 160 125 98 3.4 5.4 1130 117 PEGMATITE

SAF 44 1 8 0.6 59 17 59 17.9 3.3 0.5 31 44 0.37

SAF 15 17.8 133 6.4 261 4 131 74.8 1.5 1.2 1100 28 24757.88

SAF 51 9.2 116 6.3 127 4 145 59.4 4.2 1.3 904 38 5575.42

SAF 14 4.6 40 1.8 115 1 64 32.7 0.9 0.9 291 28 102.47

SAF 63 4 53 5.6 115 1 96 40.4 6.2 1.1 642 36 917.40

SAF 53 3.8 37 2.2 85 3 66 26.1 7.2 0.9 300 23 81.30

SAF 08 3 26 1.7 90 2 52 10.7 2.9 0.8 189 16 26.07

SAF 33 2.3 21 1.2 72 2 51 7.8 9.4 0.7 159 22 9.31

SAF 32 2.3 18 0.9 66 2 47 6.9 8.5 0.7 131 20 4.86

SAF 09 2.1 21 1.2 64 2 53 8.6 8.3 0.8 147 10 7.26

SAF 40 1.9 22 2.1 72 2 54 8.8 7.5 1.2 131 16 11.74

SAF 54 2.4 31 1.6 52 1 97 31.2 6 0.7 180 46 20.15

SAF 31 1.6 15 0.8 60 1 52 7.1 7.8 0.8 90 18 2.08

SAF 34 1.6 21 1.5 55 1 48 8.3 6.6 1 125 21 4.58

SAF 20 1.5 11 0.7 62 1 49 12.8 3.7 0.7 78 22 1.44

Units ppb ppb ppb ppb ppb ppb ppb ppb ppm ppb ppb
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5.2.6 Summary 

 

The presence of moderate concentrations of MMI detectable Sn in conjunction with strong 

acid digestion Sn concentrations of up to 164 ppm (mean 27.0 ppm) from 10 selected soil 

samples at St. Algar’s farm has been one of the outstanding findings of this research. Given 

the very low MMI extraction rate for Sn these results are indicative of the presence of 

substantial amounts of the metal on this site. This finding and its archaeological significance 

have previously been unrecognised.  

 

The detection of the Sn and the presence of soils displaying geochemical signatures consistent 

with pegmatite, the common host rock for Sn ore, strongly suggest that Sn ore was processed 

at St Algar’s Farm. Further, the pegmatite elemental suite found here bears a strong 

resemblance (higher DOGS CC than other Somerset or Derbyshire pegmatites) to that of Sn 

bearing pegmatites that were mined for this element by the Romans in the Dartmoor region of 

Devon about 130 km away. 

 

It is conjectured that the Romans brought Sn bearing pegmatite to this site, which was already 

being used to extract Ag from Pb ores, for treatment and washing to extract the Sn bearing 

mineral cassiterite. It is possible that this cassiterite was then roasted in the metal processing 

area to produce tin metal and that this Sn was either used to produce pewter-type alloys on 

site or was transported to other nearby pewter manufacturing sites such as Camerton. 

As has previously been noted, cassiterite is extremely insoluble in water and unreactive to 

MMI solutions. The presence of significant concentrations of Sn in some samples may be 

indicative of its presence not as cassiterite but as a weathering product of Sn alloys or Sn 

metal itself (white tin) produced by the roasting of cassiterite.  

 

5.3 Conclusions  

 

Evaluation of the available evidence strongly indicates that the lead-rich material processed 

at St. Algar’s Farm was silver bearing galena-rich ore from the Charterhouse mines located 

bimodalvicinity of the Roman winged villa in the 2
nd 

- 4
th

 centuries CE to recover precious 

metals (mainly silver), and possibly also produce lead and lead alloys. There is no evidence 

that silver was produced by the cupelling of existing silver-bearing coinage or other debased 
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silver bearing alloys. The provenance of the ore could probably be confirmed with greater 

certainty by the use of Pb isotope analyses. This has been done for archaeologically related 

ores and materials by Stos-Gale (Stos-Gale, 1992, Stos-Gale, 1997, Stos-Gale and Gale, 

2009). At St. Algar’s Farm this could be achieved by comparing the Pb isotope ratios of the 

galena ore with those of the lead and litharge gathered from the metal processing area. It is 

recommended that this work be undertaken. 

 

The extensive presence of elevated concentrations of tin combined with multi-element 

signatures (from a number of soil samples) indicative of the presence of granitic pegmatite 

has led to the inference that pegmatitic cassiterite-bearing tin ore, probably from Devon or 

possibly Cornwall, was treated (by sluicing and gravity separation) at St. Algar’s Farm to 

produce cassiterite (SnO2). This product may then have been smelted to produce tin and that 

metal smelted with lead to produce pewter, a product in strong demand in the regional centre 

of Bath, and a product known to have been produced at a similar time in the nearby location 

of Camerton. 

These findings on the presence of tin and its treatment at St. Algar’s Farm are totally new and 

add weight to the view that this was an important raw material processing site where precious 

metals, lead, possibly lead and tin alloys and glassware were produced over possibly two 

centuries during Roman times. 
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CHAPTER 6 

CALLEVA ATREBATUM, SILCHESTER ROMAN TOWN 

 

Map of Silchester area after Taylor 1759 (supplied courtesy of Dr Christopher Speed). 

 

 
Silchester Calleva Atrebatum  
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6. CALLEVA ATREBATUM, SILCHESTER ROMAN TOWN 

6.1 Introduction 

The Atrebates tribe established an oppidum as their capital at Silchester in the first century 

BCE. It was walled and occupied an area of about 32 ha. Subsequent to the Roman conquest 

in 43 CE the settlement developed into the Roman town of Calleva Atrebatum (Calleva). It 

was walled and occupied about 40 ha. The town ruins are situated beneath and to the west of 

the Parish Church of St. Mary the Virgin Heritage (2004). The Silchester Roman Town site 

has been declared by English Heritage as Scheduled Monument SAM No. 24336. 

The Calleva site is located adjacent to Church Lane and Wall Lane about 1.6km east of the 

village of Silchester, some 14km south west of the town of Reading and about 8km north of 

Basingstoke in the County of Hampshire and close to the border of Berkshire (Figure 6.1). It 

is centred at 1
º
04' 59.46''W 51

º
21'26.11'' N with UTM grid reference 30U 633484E 

5691303N. 

 

The fields in which the Monument and associated archaeology occur are under permanent 

grass cover and are used for cattle grazing. The fields are owned by the Hampshire County 

Council and farmed by local farmers Mr Graham Best and Mr Desmond Best. The northern 

field is separated from the southern field by a local farm road. The site slopes gently to the 

south. A Google Earth image of the site is shown in Figure 6.2. The site has a maximum 

elevation of approximately 100m above mean sea level and  slopes gently to the south where 

the elevation is about 90m a.s.l. At the time this work was undertaken (May 2014) the site 

was under full pasture and was wet after an exceptionally wet winter.  

 

The soil at the site is brown-grey stony loam. It has been mapped as Soilscape 6 of the 

Soilscapes Soil Types map of England (Cranfield Soil and Agricultural Institute) produced by 

Landis. These soils are classified as freely draining slightly acid loamy soils with low 

fertility, low carbon and draining to groundwater and local streams. The Calleva soils 

sampled were unstratified brown-grey stony loams which showed little visual variation. The 

site has been ploughed and extensively excavated with the excavations refilled with the 

overburden soil so there is little or no evidence of a humic near surface layer. Below the grass 

roots most of the soils are visually unstructured.  
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The Calleva area is recorded (Fulford and Timby, 2000) as being underlain by plateau gravel 

and sand on a clay basement. However, more formally, the British Geological Survey (BGS) 

show (in BGS Mapview) the area is underlain by a basement of marine sands and silts of the 

Palaeogene (34-56 M.Y.) London Clay Formation and the Bagshot Formation. This basement 

is overlain by Quaternary Silchester Gravel Member (up to 2 M.Y.) sand, river gravel and 

alluvial deposits. It is from these Quaternary sediments that the local soil at Silchester 

appears to be developed. 

 

 

 

Figure 6.1 Calleva location map. 
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Figure 6.2 Calleva site showing the fields in which sampling was undertaken. The Parish 

Church of St. Mary the Virgin is situated in the building complex adjacent to Church Lane in 

the east of the figure. The rectangular feature to the north of the east west farm road is the 

area which has been excavated by the University of Reading. In the field south of the farm 

road there is a hint of a rectilinear crop mark pattern which is indicative of some of the 

underlying archaeological features. The rectangular feature in the centre of the image is 

indicative of the Roman basilica and forum. (Image from Google Earth). 

 

6.2 Site description 

The site consists of two fenced fields separated by an east west farm road (Figure 6.2). The 

site is enclosed by the Roman wall which is intact over most of its length. It is about 2m high, 

commonly about a meter thick and composed primarily of flint cobbles interlayed with slabs 

of limestone and bound by a limey mortar (Figures 6.3 a, b). The fields are under pasture and 

have not seen agricultural crop planting for a very long time (Figure 6.4). There is a large 

square area in the northern field where recent archaeological excavation has been carried out 

 

Insula IX 

Insula III 
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(Figure 6.5). The greater part of the site has undergone archaeological excavation in various 

forms for more than a century. All of those older diggings have been refilled and repastured. 

The Parish Church , originally constructed in the 11
th

 -12
th

 century C.E. and built 

substantially of stone robbed from the Calleva site is located just inside the Roman Wall at 

the east end of the site (Figure 6.6).  

 

 

Figure 6.3 Roman wall at Calleva. a) wall at the south end of the site. b) detail of wall 

structure. Flint cobbles with intercalated limestone slabs to add stability. The binding courses 

in walls are a mixture of glauconitic sandstone (from the U Greensand) and Oolitic 

Limestone (probably from the Bath area), with a bit of local ironstone from the London Clay. 

Some Sarsen has been placed in the gateways as it is hard wearing (Allen, 2013). 
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Figure 6.4 Pastureland at Calleva. Looking south east from the western end of the farm road 

which transects the site.  

 

Figure 6.5 Location of archaeological excavations carried out by the University of Reading in 

the northern field at Calleva. 
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Figure 6.6 Plan of the walled Roman town of Calleva which has been prepared from Society 

of Antiquaries documents as part of the University of Reading Town Life Project (supplied 

courtesy of Dr. Catherine Barnett).  

 

6.3 Previous work 

6.3.1 Historical site investigations 

 

A large Roman town site (Calleva) was known to antiquarians from at least medieval times. 

Located near Silchester, it was noted on one of the earliest maps of Hampshire, published by 

London map maker Christopher Saxton, about 1575 and Norden’s 1585 map. It is well 
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documented on Isaac Taylor’s 1759 map of Hampshire, an image of which is shown at the 

opening of this chapter (www.geog.port.ac.uk/webmap/hantsmap/hantsmap/saxton1/sax1smaf.ht).  

Undocumented excavation was carried out on the site in the 1850’s by Stevens. The local 

Rector, JG Joyce undertook excavations at Silchester between 1864 and 1878 (Joyce nd, 

1881). This was followed by major investigations by the Society of Antiquaries between 

1890 and 1909 which revealed a plan of the masonry –founded buildings within the walled 

town. The results of that work were regularly reported in the journal Archaeologia (Fox 1892, 

1895, Fox and Hope 1890, 1893, 1901, 1905) and were evaluated by Boon (1974).  

An interpretive plan of the Roman town has been prepared as part of the Town Life Project 

being undertaken by the University of Reading and is shown in Figure 6.6. This image has 

been used as the base upon which the MMI data have been plotted.  

6.3.2 Recent archaeological investigations 

 

Detailed scholarly investigations have been carried out on the Roman Walls, gates and 

defences (Boon 1969, Collis 1983, Fulford 1984, Fulford et al. 1997), the amphitheatre 

(Fulford 1985, 1989), the Basilica (Fulford and Timby 2000) and on Insula IX. This latter 

work has developed into the Town Life project (Clarke and Fulford 1997, 1998, 1999, 2000). 

In 2013, excavation was commenced, and continues on Insula III. 

 

During the period 1989-1995 a photogrammetric survey was carried out over 340 ha in and 

around Calleva by RCHME (Royal Commission on the Historic Monuments of England), 

primarily using computer corrected oblique aerial photographs. The resulting imagery 

provided valuable detail of the Roman road pattern and many of the archaeological features 

revealed by earlier excavation (Bewley and Fulford, 1996, RCHME, 1995). The aerial 

photography (Figure 6.7) formed the basis for the interpretation of the layout of the town.  

The Calleva site contains archaeological evidence of settlement in the Late Iron Age (about 

first century BC). Roman settlement is recorded from late first century BCE through until 

about fifth century CE. Clarke and Fulford (2000) present evidence that, whilst the site was 

substantially abandoned during the fifth century, there was continuity of Romano-British 

occupation until the later sixth or early seventh century.  

 

As part of the Town Life investigation of Insula IX, a limited, but effective, resistivity survey 

was carried out in 1997 (Creighton, 1997). This was followed by sampling of various 
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archaeological features and geochemical analysis by XRF and ICP MS in House 1 (Cook et 

al. 2005, 2010). This work resulted in the delineation of metallic geochemical anomalies 

indicative of industrial working of base and precious metals.  

The excavations at the basilica (Fulford and Timby 2000) also found evidence of metal 

smelting. 

 

Excavation on Insula III began in 2013 by a team lead by Professor Fulford and continues. 

The work being undertaken is designed to expose, clean, record and date the surviving 

remains, including a possible early Roman bathhouse, in the north-east corner of Insula III, 

first excavated in 1892. Excavation in 2015 revealed a large crude hearth in the northeast of 

the trench and, separately a very concentrated area of metal working debris in the northwest. 

Both are close to a series of small buildings along the N-S road, which may have been 

specialist craft areas.  

 

6.3.3 Geophysics 

 

A gradiometric magnetometer survey was carried out over approximately 5 ha over the 

central part of the Calleva site (Martin, 2000). The survey was undertaken to gauge the 

magnetic response over Insula III, the forum piazza in Insula IV and the locality of the urban 

Romano-Celtic temple in Insula VII. The data were uncorrected except for zero-mean to 

remove heading errors and ‘despiking’ to reduce the effects of surface iron objects.  

Considerable magnetic disturbance resulting from ferrous material and backfilling of old 

excavations was observed. This may have been enhanced by the effects of Late Roman iron-

working (pers comm M. Fulford to L. Martin). The survey defined a series of north-south and 

east-west linear anomalies indicative of a street grid pattern. In addition, anomalies relating to 

building remains were noted in a number of Insulae, particularly in Insula IV, the site of the 

forum and basilica. In Insula VII the circular temple and associated rectilinear building were 

detected. Building features were outlined in Insulae III and VIII and Insula XVII, where a 

weak positive anomaly, possibly indicative of an industrial feature was recorded. 

A limited ground penetrating radar (GPR) survey was carried out (Linford, 2001), over the 

circular temple complex defined by the magnetics survey, on Insula VII to evaluate the GPR 

method on this site. Results confirmed the magnetics, identified a range of anomalies related 
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to the street layout and indicated the potential usefulness of GPR on this site, especially in 

areas where multiple phases of occupation have occurred. 

In 2013 a high resolution gradiometry survey was carried out over about 250 ha on, and 

peripheral to, the Calleva town site (J. Creighton pers comm).  The gradiometry over the town 

site is shown in Figure 6.7 in conjunction with the Martin (2000) gradiometry.  

   

   

Figure 6.7 The 2013 gradiometric magnetics (above), the Calleva 2000 gradiometric 

magnetics  survey false colour image (below). 
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6.3.4 Geochemical 

 

Sampling of Insula IX (Cook et al., 2010, Cook et al., 2005, Cook et al., 2014) suggested that 

there may have been elevated concentrations of lead and other elements at some periods 

during the occupation of the Roman town. Surface soil samples were taken from inside and 

outside the Silchester walls (Figure 6.8) to test this idea (Speed, 2013, Speed, 2014). 

Stratigraphic samples were also taken from the Insula IX profile. They were subjected to 

aqua regia digestion and analysed by ICP-OES for 17 elements. Elevated lead concentrations 

were found in surface samples from within the Silchester walls. The Insula IX results 

demonstrated that lead concentrations had increased throughout the Roman period. It was 

considered unlikely that the elevated lead concentrations resulted from differences in geology 

or land use, as these were similar both inside and outside the walls. Similar elevated 

concentrations of Ba, Cu, Cd, Fe, Mn and Zn were found in the surface samples from within 

the walls compared with samples from outside the walls.   

 

 

 

 

Figure 6.8 Sample locations showing aqua regia digest mean lead concentration (ppm), n=5 

at each site for soil samples taken inside the town walls (yellow boxes) and outside (white 

boxes). The Insula IX excavation site is located top centre. Data from Speed (2013, 2014). 

Detailed sampling was undertaken of various archaeological features exposed in House 1 

during the excavations within Insula IX. These samples were analysed for Au, Ag, Ca, Cu, P, 
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Pb, Sn, Sr and Zn by XRF and ICP MS after total acid digestion using a mixture of 

hydrofluoric and perchloric acids (Cook et al., 2010, Cook et al., 2005, Cook et al., 2014) and 

resulted in the delineation of metallic geochemical anomalies indicative of industrial working 

of base and precious metals. 

6.4 Methodology 

6.4.1 Sampling 

 

A soil sampling programme was undertaken on the area of Silchester Roman Town between 

5 and 7 May, 2014.  

The programme was designed to build upon the results of a geochemical soil survey which 

was previously carried out over a house complex at Insula IX (House 1) in the Silchester 

Roman Town using XRF and ICP-MS (Cook et al. 2005, 2010, 2014) and the broad scale  

soil sampling programme  of Speed (2013, 2014).  

 

The aim of the work was to further investigate the nature of the geochemical anomalies 

around House 1 using Mobile Metal Ion (MMI) analysis and to obtain a broader knowledge 

of the relationship between the archaeology and the geochemistry of the Site as a whole, by 

geochemical soil sampling on a reconnaissance scale, with limited infill. 

 

The objectives of the proposed research were outlined in detail in Chapter 1. 

 

Total sample numbers were constrained by the need for specialist laboratory analysis and as 

such, samples were collected at 40m intervals (reduced to 10 m in critical areas) on three 

north-south lines spaced at 120m with an east-west tie line.  The sampling covered an area 

600 × 400m and resulted in the collection of 63 samples. Details of the sampling transects are 

shown in Figure 6.9. The central north south line crosses the location of the Forum Basilica, 

where excavation has found evidence of Roman metalworking (Fulford and Timby, 2000). 

The east west line crosses the area (denser sampling) of Insula III where excavation has 

recently been undertaken (M. Fulford pers. comm). Sampling was undertaken using sample 

locations on predetermined transects to achieve as complete coverage of the site area as was 

feasible within the limitations of the budgetary constraints. The preordained sample sites 
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were located using a Garmin GPS 72 GPS unit (accuracy to within 5 m). Site co-ordinates 

and elevations were recorded.  

 

Soil sampling was undertaken according to the protocol outlined in Chapter 4. 

                

Figure 6.9 Calleva MMI sampling grid on Google Earth base map with locations of Insula III 

and the Forum basilica shown.  

 

Actual sample locations are shown in Figure 6.10. Details of sample numbers, UTM grid co-

ordinates, elevation and sample descriptions are shown in Appendix 6.1. 

 

To investigate the spread and more detailed elemental signature of the geochemical 

anomalies in and outside the physical structure of House 1 in Insula IX, splits of selected 

samples analysed and reported on by Cook et al (2005, 2010, 2014) were taken and analysed 

using the MMI methodology. A total of 14 samples were selected from a range of 

stratigraphic levels over an area of about 150m
2
. House 1 sample details are given Appendix 

6.2.  

Forum Basilica 

Insula III 
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Figure 6.10 Calleva MMI sample numbers with sample locations. 

 

6.4.2 MMI Analysis 

 

Samples were packed and shipped by air freight to the laboratories of SGS in Perth Western 

Australia. They were treated using the MMI-ME Mobile Metal Ion Analysis method as 

described in Chapter1.  

 

The concentration of 55 elements was measured. Details of the elements measured, the lower 

and upper limits of detection for each element are shown with the analyses in Appendix 6.3 

for the whole site samples and Appendix 6.4 for the House 1 samples. All elements measured 

displayed concentrations below the Upper Limit of Detection.  

 

 



153 

 

6.5 MMI Analytical results 

 

Full analytical data for the 55 elements are shown in Appendix 6.3 together with UTM grid 

co-ordinates, elevation and sample numbers. The equivalent data for the House I samples are 

shown in Appendix 6.4. Elemental concentrations below the Lower Limit of Detection are 

denoted x. 

 

As part of the sampling programme, a pair of duplicate samples (CAL30 and 31) was 

collected from the same location to test the reproducibility of the analyses. Good agreement 

was obtained for the analyses for all elements with the mean of the difference in value for all 

elements present in concentrations above 10ppb being 2.5%. For elements present at 

concentrations less than 10 ppb the mean difference between the two samples was 19.4%. 

Full data are presented in Appendix 6.2. The % difference between the duplicates for 

elements of interest at Calleva is as shown below; 

 

ELEMENT Ag Au Cu Fe Nd Pb Sb Sn Y Zn

% Difference 7.8 2.3 1.5 7.0 4.9 11.3 0.0 41.7 9.4 10.6  

6.6 MMI Data analysis 

6.6.1 Geochemical background and elements present in anomalous concentration 

 

The soil sampling and geochemical analyses by Speed (2013, 2014) demonstrated that the 

Calleva site, within the town walls, is polluted with a range of elements and that background 

elemental concentrations could only be obtained by sampling outside the walls. The same 

procedure was followed in this research. Samples were collected from five sites outside the 

Calleva town walls specifically for providing MMI elemental background values. The 

locations of those sample points are shown in Figure 6.11. They are designated with the 

prefix SLB (Silchester Local Background) as Silchester is the vicinity in which Calleva is 

located. 

 

The five Silchester background samples were sent to the SGS laboratories in Perth where 

they were subjected to MMI extraction and chemical analysis for 53 elements using the 

methodology outlined in Chapter 1. The analytical results are presented in Appendix 6.3. 
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Figure 6.11 Location of Silchester MMI background samples. Google Earth base. 

 

Two of the samples, SLB1 and SLB4, were significantly (>70%) different in the 

concentration of a number of elements (18 for SLB1 and 16 for SLB4) from the other three 

samples (which were similar in composition). SLB1 was taken from the area between the 

Calleva town wall and the entrance to the Roman amphitheatre and its composition may 

reflect the effects of human travel between the town and the amphitheatre. SLB4 was taken 

from a field > 0.5 km south of the Calleva wall and the cause of its anomalism (in Ag, Au, 

Cd, Cu, K, Ni and Zn) is not known.   

 

Because SLB1 and SLB4 were so different from the other three samples in the concentration 

of so many elements, it was decided to remove them from the calculation of the regional 

background. The Silchester Local geochemical background (SLB) for each element is defined 

as the Mean of samples SLB2, 3 and 5. These values are also presented in Appendix 6.3.  

As a further control, the SLB elemental values were compared with the S.E. England 

GEMAS 1
st
 Quartile Means (abbreviated to GEMAS 1QM, and previously used to define 

regional geochemical background at St. Algar’s Farm (see Chapter 4)). A comparison of the 

SLB and GEMAS concentrations for a range of elements measured by MMI is shown in 

Table 6.1.The complete range of comparative values is shown in Appendix 6.3.  

SLB2

2 

SLB3 

SLB4 

SLB1 

CALLEVA 
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Table 6.1 Comparison of Calleva sample MMI Means with Silchester Background MMI 

Means and S.E. England GEMAS MMI 1
st
 Quartile Means. Elements showing a substantial 

difference (>10x) between the SLB Mean and the GEMAS 1
st
 Quartile Mean are Ce, Ga, Nb, 

Sn and Ti. 

CALLEVA 

MEAN

CALLEVA 

SLB Mean

GEMAS          

1QMean

SLBM/GEMAS

1QMean

ELEMENT ppb ppb ppb

Ag 458 5.33 2.64 2.0

As 17 21 8.23 2.6

Au 10 0.10 0.5 0.2

Ba 520 716 246 2.9

Ca 524000 501670 552140 0.9

Cd 63 52 60 0.9

Ce 104 217 12.12 17.9

Cu 5531 613 750 0.8

Cs 5 9 1 9.0

Fe 599365 90000 16000 5.6

Ga 11 24 1.5 16.0

Hg 1.25 0.50 0.5 1.0

Nd 83 148.00 113 1.3

Nb 4.42 10.50 0.25 42.0

P 8183 3970 1729 2.3

Pb 1227 1183 150 7.9

Sb 2.1 2.67 2.59 1.0

Sn 32 4.67 0.26 17.9

Ti 816 2798 12.31 227.3

Tl 0.81 1.05 0.25 4.2

Y 107 296.00 187 1.6

Zn 2594 2853 460 6.2

Zr 66 121 71 1.7

 
Given that the GEMAS data were derived from over a wide area underlain by diverse 

lithology, the two data sets show reasonable agreement except for the elements Ce, Ga, Nb, 

Sn and Ti, which show considerable enrichment (>10 times) in the Silchester samples relative 

to the GEMAS 1QM values. The SLB Ce enrichment is explained by the unusually low S. E. 

England GEMAS value compared with other GEMAS data (Mann et al., 2014, Reimann et 

al., 2014a, Reimann et al., 2014b). Titanium and Nb are present in elevated concentration 
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both in the Silchester background samples and the Calleva site samples (Figure 6.1). Tin is 

also present in both the Silchester background samples and the Calleva site samples at very 

elevated concentrations. 

 

In summary, the use of the mean MMI concentration of elements in samples SLB2, SLB3 

and SLB5 as representative of local MMI geochemical background for analysis of the 

Calleva samples is justified. 

6.6.2 Geochemical Contrast and elements of interest  

 

For Calleva the Geochemical Contrast (GC) for each element is defined as the value of the 

Mean of the 4
th

 quartile (4QM) divided by the Mean of the 1
st
 quartile (1QM). Geochemical 

Contrast values are shown in the first data column for a range of elements in Table 6.2. 

 

The elements Au (GC 141.7), Ag (GC 87.1), Cu (GC 12.7) and Sn (GC 12.0) are present in 

extremely anomalous (GC > 10) concentrations, Hg (GC 6.3) is strongly anomalous (GC > 5) 

whilst P (GC 2.9), Mo and Cd (GC 2.1), Bi and Pb (GC 2.0 which is low because the SLB 

samples are enriched in this element) are anomalous (GC 2 – 5). Both Sb and Zn are present 

in elevated concentrations. Whilst not consistently present in high concentrations, Cs, Ga, Nb 

and Ti were present in high concentration in a number of samples, as noted above. Because 

concentrations of a number of elements are high in the Silchester Background samples 

(compared with the SE England GEMAS Means) the Geochemical Contrast values obtained 

for these elements are lower than would be obtained were background concentrations not so 

elevated. To overcome this problem the Modified Geochemical Contrast was calculated for 

these elements by calculating the ratio of the Calleva 4QM (for all 63 samples) against the S. 

E. England GEMAS Mean (6 samples). These modified values are shown in the second data 

column in Table 6.2. 

The very high Geochemical Contrast (and individual sample concentrations) for Au (GC 

141.7) and Ag (GC 87.1) clearly show that the Calleva town site is much enriched in these 

elements in numerous locations. The strongly anomalous nature of this site (for these metals) 

is well demonstrated by reference to the contoured GEMAS MMI Ag and Au plots for the 

Thames Valley shown in Figure 6.12.  Both elements display spot highs over Calleva.  
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On the basis of this analysis the ‘elements of interest’ considered to be of potential 

anthropogenic importance at Calleva are; Ag, Au, Bi, Cd, Cs, Cu, Ga, Hg, Mo, Nb, Nd, P, Pb, 

Sb, Ti, Tl, Sn, Y, Zn and Zr. 

 

 

Table 6.2 Geochemical Contrast for a range of elements from Calleva soil samples. 

Geochemical Contrast is defined as the elemental 4
th

 Quartile Mean/Silchester background 

mean (Column 2) and 4QM/ SE England GEMAS Mean for Cs, Ga, Nb, Sn, Ti. 

 

 

 

ELEMENT

4QM/SLB 

Mean

4QM/GEMAS 

Mean

Ag 87.1

Au 141.7

Bi 2.0

Cd 2.1

Cs 1.1 9.6

Cu 12.7

Fe 1.0

Ga 0.9 14.0

Hg 6.3

Mo 2.1

Nb 0.8 9.9

Nd 1.1

P 2.9

Pb 2.0

Sb 1.7

Sn 12.0 70

Ti 0.6 40

Tl 1.2

Y 0.8

Zn 1.7

Zr 1.0
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Figure 6.12 GEMAS MMI Ag and Au contour plots for the Thames Valley. The contour 

plots were produced using the interpolated kriged GEMAS S.E England MMI data for these 

two elements. 
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6.6.3 Histograms, Gaussian density plots and Shapiro-Wilk Normality Testing 

 

As the first step to establish the nature and distribution of the suite of elements of interest, 

Ag, Au, Cd, Cu, Mo, P, Pb, Sn, Zn and ancillary elements likely to provide useful 

information (Ba, Ce, Co, Ga, Gd, Mn, Nd, Nb, Sc, Th, Ti, Tl, U, W, Y, Yb and Zr), 

histograms and Gaussian density plots were prepared. The plots were compared with the 

results of Shapiro-Wilk Normality tests  (Shapiro and Wilk, 1965). To examine the manner of 

distribution of the data and to determine if the data for each element was related to a single 

population or multiple populations and to assess if any obvious anomalously elevated results 

(outliers) were present, plots were made of the log10 transformed data .To ensure the total data set 

(of 63 samples) was included, values which had been reported by the laboratory as below the 

Lower Limit of Detection were recorded at half the Lower Limit of Detection (LLD).  

 

Histogram and density plots of the suite of elements of interest are shown in Appendix 6.5.  

 

The plots indicate that Ba, Ga, Sc, Ti and Zr display log normal distribution. This is 

supported by the Shapiro-Wilk tests which returned p values > 0.05 for these elements.  

 

The elements Ag, Au, Cd, Co, Cu, Mn, Pb and Zn display bell curve distribution.  

In addition, Ag and Au display a shoulder on the lower tail of the density plot. These are at 

concentrations of about 16 ppb for Ag and 5 ppb for Au. They are well above the 0.5 × 

Lower Level of Detection limit (Ag 0.5 ppb, Au 0.05 ppb) and are considered to be real and 

are well above the SLB regional background concentrations of these elements (Ag – 5.3 ppb; 

Au – 0.1 ppb), as shown in Table 6.1 The distribution peak concentration for Ag and Au 

displayed by the density plots is approximately 400 ppb for Ag and 9 ppb for Au. This is also 

the case for the other elements in this group (Cd distribution peak at 56 ppb, Co distribution 

peak at 8 ppb, Cu distribution peak at 5000 ppb, Mn distribution peak at 1260 ppb, Pb 

distribution peak at 890 ppb, and Zn distribution peak at 2000 ppb). Even though the small 

number of available data points makes interpretation of the distribution curves somewhat 

equivocal, it is possible that the positive shoulder and positive tail peaks for all of these 

elements may represent anomalous populations related to the metal processing activities on 

the site.  
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The elements Nb, P, Sn, Tl, Ce, Gd, Nd, U, Y and Yb all display negative tails on the density 

plots. Reference to the data indicates that these do appear to constitute a meaningful 

population at low concentration (all contained within the 1
st
 quartile of the data) and may 

represent the lithological background. At concentrations above the negative tails these 

elements display density distribution curves that are smooth, bell shaped and possibly 

indicative of a single elemental population. The generally elevated concentrations of Sn, and 

to a lesser degree Nb, are perhaps indicative of widespread pollution of the site with these 

elements as a result of previous excavation of metal processing sites. This may also apply to 

the other elements in this group. All elements in this group failed the Shapiro-Wilk Normality 

test indicating that they do not exhibit lognormal distribution. 

A feature present on the plots of most elements, but particularly prominent for Mo, is the 

small peaks at the lower end of the concentration range. Whilst small peaks at low 

concentration could be due to rounding and the smoothing of the density plots, It is possible 

that these peaks are representative of the samples taken over the infilled excavation area over 

the Forum basilica. These samples contain lower concentrations of most elements (except Mo 

which shows its maximum concentration in a sample from this area), a feature which is 

evident on the elemental distribution plots shown below. These soils are geochemically 

different from those over the rest of the Calleva site. 

 

6.6.4 Correlation Analysis 

 

The Calleva MMI analyses were subjected to correlation analysis using concentrations 

transformed to log10 form. The correlation matrix was examined and relationships deemed to 

be interesting geologically (i.e. on the basis of both known geological coherence or 

association, and correlation coefficient) were noted for further follow up. The Correlation 

Matrix is presented in Appendix 6.6. After initial inspection of the data, meaningless 

correlation coefficients were removed; data where elemental pairs both returned 

concentrations < LLD were depicted as #### as were pairs where one element was < LLD. 

The potentially useful coefficients were then inspected for possibly meaningful geochemical 

relationships. A number of arbitrary ranges were set up to group correlations on the basis of 

strength and/or geochemical coherence as a basis for assessing the elemental associations.  
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Some correlations with low coefficients may be the result of some samples being below or 

close to the LLD as, for example the Nb-As pair with a coefficient of 0.22. There are many 

samples with As concentrations below the LLD and this correlation may be spurious. The 

most striking strong to moderately strong correlations were those between the rare earth 

elements (REEs). Correlations of over 0.93 were common for many of the REE pairs. These 

correlations are considered to be real and are to be expected because of the strong 

geochemical similarity of all the REEs. 

 

To focus attention on potentially significant geochemical correspondence between the 

previously outlined groups of elements of interest at Calleva, a subset was made from the 

complete dataset to leave only the correlations between these elements of interest. The 

correlation matrix is shown in Table 6.3. Table 6.4 shows a summary of the relationships 

indicated by the correlations in Table 6.3. 

 

The elemental pairings shown in Table 6.4 appear indicative of two elemental suites. The first 

is a Noble and Base Metal suite comprised of the elements Ag, Au, Cd, Cu, Mn, and Ni. The 

second is a Heavy Metal suite comprised of the elements Ti, Nb, Tl, Co, Cr, W, and Sb as 

well as As and P (although not a Heavy Metals), which may be indicative of iron working on 

the site.  
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Table 6.3 Calleva MMI Pearson correlation coefficients (r) for Elements of Interest.  

 

Table 6.4 Potentially geologically significant elemental correlations for Calleva MMI 

analyses. 

 

 Calleva Correlation Coefficients Log10 Data 

Very Strong Statistical Correlation  

Strong Statistical Correlation  Cd-(Zn, Ni), Sb-(Tl, Fe), Sn-(Nb, Fe, Ti) 

Moderately Strong Statistical Correlation Ag-Au, Cd-Mn, Hg-Ti, Nb-(Fe, Ti), Sb-(Zn, Sn, 

Ti), Sn-(Zn, Mn, P, Co), Tl-(Fe, Co), Co-(Fe, Ti), Cr-Ti, Fe-

Mn, Mn-(Zn, Ti), Zn-Ti. 

Interesting Geochemically   Cu- (Au, Ag), Cd- (Co, Sb, Sn), Cr-(Fe, Mn), Fe-P, Mn-(Pb, Ni, 

Cr), Ni- (Co, Mn), Nb- (Sb, Tl) 

 

 

 

CORRELATION MATRIX LOG 10 TRANSFORMED DATA

As Bi Cd Hg Mo Nb Sb Sn Tl W Ag Au Co Cr Cu Fe P Mn Ni Ti Pb Zn

As 1.00

Bi 0.11 1.00

Cd 0.25 0.37 1.00

Hg 0.20 0.17 0.63 1.00

Mo 0.27 0.20 0.28 0.12 1.00

Nb 0.22 0.19 0.59 0.50 0.24 1.00

Sb 0.32 0.15 0.64 0.54 0.25 0.65 1.00

Sn 0.27 0.28 0.65 0.44 0.34 0.85 0.74 1.00

Sr -0.32 -0.34 -0.39 -0.56 -0.31 -0.40 -0.36 -0.51

Tl 0.30 0.11 0.55 0.39 0.14 0.62 0.81 0.69 1.00

W 0.39 0.16 0.50 0.58 0.17 0.51 0.35 0.51 0.31 1.00

Ag -0.08 0.05 0.39 0.21 0.09 0.12 0.25 0.18 0.03 0.21 1.00

Au 0.03 0.06 0.52 0.38 0.03 0.08 0.25 0.06 0.05 0.20 0.76 1.00

Co 0.31 0.11 0.61 0.51 0.19 0.61 0.92 0.70 0.77 0.36 0.23 0.23 1.00

Cr 0.31 0.24 0.59 0.58 0.21 0.48 0.40 0.56 0.35 0.62 -0.07 0.10 0.36 1.00

Cu -0.20 -0.15 -0.22 -0.10 -0.23 -0.14 0.05 -0.05 -0.14 -0.22 0.48 0.30 0.03 -0.32 1.00

Fe 0.36 0.21 0.64 0.57 0.21 0.79 0.81 0.84 0.78 0.57 0.07 0.03 0.75 0.56 -0.11 1.00

P 0.36 0.31 0.47 0.49 0.57 0.59 0.63 0.73 0.46 0.43 -0.05 -0.03 0.57 0.58 -0.07 0.64 1.00

Mn 0.35 0.38 0.72 0.47 0.46 0.49 0.67 0.72 0.59 0.50 0.20 0.17 0.61 0.60 -0.17 0.73 0.62 1.00

Ni 0.25 0.23 0.86 0.49 0.19 0.62 0.66 0.59 0.65 0.44 0.34 0.40 0.64 0.43 -0.24 0.65 0.32 0.57 1.00

Ti 0.92 0.32 0.69 0.70 0.31 0.79 0.73 0.85 0.68 0.69 0.00 0.06 0.70 0.78 -0.26 0.87 0.78 0.74 0.60 1.00

Pb 0.19 0.19 0.29 0.05 0.30 0.31 0.28 0.48 0.37 0.38 0.29 -0.04 0.29 0.10 0.03 0.47 0.14 0.58 0.31 0.34 1.00

Zn 0.29 0.27 0.87 0.56 0.27 0.64 0.75 0.76 0.69 0.42 0.20 0.25 0.68 0.53 -0.24 0.80 0.56 0.74 0.85 0.75 0.30 1.00

As Bi Cd Hg Mo Nb Sb Sn Tl W Ag Au Co Cr Cu Fe P Mn Ni Ti Pb Zn

Very strong positive correlation All values < lower detection limit, OR Interesting geochemically

Strong positive correlation Value of one component < lower detection limit removed

Moderately strong positive correlationCorrelation Coefficient shown to only 2 decimal places

 



163 

 

6.6.5 Principal Component Analysis (PCA) 

 

To further investigate the potential association of different elements at Calleva a Principal 

Component Analysis (PCA) was carried out. A biplot of the first and second components is 

shown in Figure 6.13.  

 

The PCA confirmed and better defined the elemental associations deduced from the 

correlation analysis and demonstrated a credible relationship between the spatial location of 

samples and their elemental suites. Five components explained > 80% of the multivariate 

variance with the first two components individually explaining more than 10% of the 

multivariate variance (PC1 50.8%; PC2 13.7%). The PC1-PC2 space provided adequate 

discrimination of element suites and observations, and higher order components are not 

presented. PC1 was dominated by positive loadings for the elements Au, Ag, Ca, Cu, Ni and 

Sr and negative loadings for REEs and Th. PC2 was dominated by positive loadings for the 

refractory elements Ga, Nb, Sc and Ti and negative loadings for Ag, Cd and Zn. Four 

elemental groupings have been delineated in Figure 6.14. A group characterized by Ag, Au, 

Ba, Ca, Cu, Mn, Ni, Pb, Sr and possibly Cd, Zn and U has been named the Noble and Base 

Metal Suite. The elements Ga, Nb, Ti, Sc Sb and Sn have been designated the Refractory and 

Heavy Metal Suite. The REEs, Al, and Th form the REE Suite and a Group of elements 

consisting of Li, As, Co, K, P, Rb, Tl and Mg has been named the Miscellaneous Element 

Suite. 
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Figure 6.13 Biplot for principal components analysis (PCA) of MMI compositional data for 

soil samples from Calleva.  

 

6.6.6 X-Y Elemental Plots 

 

To further examine the relationships suggested by the correlation matrices a series of X-Y 

plots were constructed. The plots are shown in Appendix 6.7. These bivariate plots for all 

correlations of interest were checked for outliers or grouping of observations that might 

represent spurious correlations. 

The strength of the association between the two elements in the X-Y plot has been gauged by 

the R
2
 value for the regression line. Values >0.9 are deemed very strong, 0.8-0.9 strong, 0.7-

0.8 moderately strong, 0.5-0.7 moderate, 0.2-0.5 weak and <0.2 very weak. 
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The association between Nb and a range of incompatible elements is demonstrated by these 

plots and by their association in the PCA plot shown in Figure 6.13 and is typical of the 

associations between the incompatible elements/Refractory and Heavy Metal suite at Calleva 

as highlighted in that plot. Incompatible elements are those which display High Field 

Strength (HFSE) with a high ionic charge and the Large Ion Lithophile Elements (LILE) 

which have a large ionic radius (Albarède, 2009). Figure 6.14 shows the groupings of HFSE 

and LILEs.  

 

Figure 6.14 High Field Strength Elements (HFSE) and Large Ion Lithophile Elements (LILE) 

grouped by ionic charge and ionic radius. From Albarède (2009).  

The most striking X-Y plot is that for Nb vs Ti. This plot displays a very strong positive 

linear relationship (R
2 

=
 
0.97) between these two elements. The Nb-Ga (R

2 
= 0.97) and Ga-Cs 

(R
2 

= 0.96) relationships are also very strong, Nb-Nd (R
2
 = 0.80) and Zr-Y (R

2
 = 0.863) are 
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strong, whilst Nb-Sn, Nb-Sb, Nb-Sc, Nb-Ti, Nb-Tl, Th-Sc and Th-Ti all display moderately 

strong associations. The weaker relationship between Sc with Sn (R
2 

= 0.50) and Tl (R
2
 = 

0.49) may reflect the marginality of Sc to the HFSE group. 

 

Examination of the XY plots of the incompatible element pairs appears to show a strong 

linear correlation at higher concentrations with a possible divergent trend at low 

concentrations. The apparent divergent trend at low concentrations may be real or may be the 

result of less reliable data, laboratory rounding at these low concentrations or the replacement 

of < LDL values. The presence of the apparent low concentration trend appears to have 

reduced the overall R
2
 values from that of the major population trend. This is demonstrated 

by the plots Th-Ti, Zr-Y, Sc-Th, Sc-Sn and Nb-Nd. 

 

The scatterplot matrix for incompatible elements is shown in Figure 6.15. 

 

Figure 6.15 Calleva MMI R Commander scatterplot matrix for incompatible elements. 
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What is the incompatible element population? It is one that shows uniform element pair ratios 

over a large range of concentrations and points to the possibility of a similar source for the 

elements measured. The processing of metals, ranging from precious and base to iron, was 

carried out on the Calleva site from Iron Age into Roman Times (Cook et al., 2010, Cook et 

al., 2005, Cook et al., 2014, Fulford and Timby, 2000). Richards, in Fulford and Timby 

(2000, pp421-422) records the collection of over 90 kg of slag, much of it related to iron-

working (some related to bronze and pewter working), from the Basilica area. It is possible 

that the observed associations are a signature from the weathering of metal processing slag – 

much of it most likely produced by iron blooming. The slag is commonly vitreous and breaks 

down relatively easily (Ettler et al., 2009, Parsons et al., 2001, Piatak et al., 2004) releasing 

elements which may be transported as mobile ions in solution (Ettler et al., 2009, Parsons et 

al., 2001) and deposited near surface. The transportation process at Calleva is assisted 

because the archaeological basement is no more than two metres below surface. 

Work on archaeological iron blooming shows that melting of iron ores results in production 

of slag into which the incompatible HFSE and LILEs fractionate (Coustures et al., 2003, 

Desaulty et al., 2009). The work of Desaulty et al. (2009) also showed that the concentration 

ratios of similar HFSEs are carried forward from the iron ore to the slag and are characteristic 

of an individual iron ore. At Calleva it is likely that the ore mined was from deposits known 

to have been mined in Roman Times in Gloucestershire (e.g. Puzzlewood), about 110 km to 

the northwest and that these ores may have had similar HFSE ratios. It is possible that the 

strong elemental associations for a number of these HFSE pairs are reflecting the presence of 

iron slag resulting from the blooming of local iron ore of relatively uniform type and 

composition. Given the strength of the individual HSFE associations it may be possible in 

future to determine the source of the ore processed at Calleva.  

 

The possibility of  identifying the provenance of the smelted iron ore has been increased as a 

result of the recently published iron isotope work of Milot et al. (2016). This work has 

demonstrated that individual iron ore deposits have discrete iron isotope ratio (
57

Fe/
54

Fe) 

signatures which are maintained through the smelting and blooming process and are retained 

in the slag and iron metal produced.  Similarly for Cu, Gale et al. (1999) found that the 

63
Cu/

65
Cu ratio was sustained throughout the process of smelting ore to metal (including 

slag). Because copper deposits display individual  
63

Cu/
65

Cu ratios (Asadi et al., 2015, Klein 

et al., 2009) and Cu isotopic fractionation is greater at low temperatures (Fujii et al., 2013) 
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Cu isotopic fingerprinting may be a useful tool in determining the provenance of Cu based 

artefacts. This is likely to be most valuable in the assessment of Chalcolithic Cu artefacts, as 

at that time most metal was produced from secondary carbonate or sulphate ores (malachite, 

azurite, chalcanthite, atacarmite) which having been formed at low temperature are likely to 

display a wide range of 
63

Cu/
65

Cu ratios (see Tables 2, 3 and 4 Gale et al. (1999)). 

 

Work on ancient slags derived from the smelting of a range iron and base metal deposits in 

south-eastern Germany (Dill, 2009) has shown that many contain elevated concentrations of a 

number of trace elements. Copper, Pb, and Zn were found at concentrations of between 376 

and 26,323 ppm. The slags were also commonly enriched in As, Ba, Cr, Sb, Sn, W and Zr. 

All of these elements show greater concentrations in some, or many, of the Calleva samples 

and it is possible that at least some of that enrichment may be derived from iron smelting 

slag. 

 

It is concluded that the incompatible element associations observed, and some of the base 

metal and refractory element enrichment are likely to be representative of iron blooming slag 

and may be indicative of iron hearths and metal processing sites at Calleva 

 

Investigation of base and precious metal slags in the USA (Parsons et al., 2001, Piatak et al., 

2004), Germany (Scheinert et al., 2009), the Czech Republic (Ettler et al., 2001) and Namibia 

(Ettler et al., 2009) have shown that glassy/vitreous slags commonly contain elevated to very 

high concentrations of Ag, As, Ba, Bi, Cd, Cu, Pb Sb and Zn. Maxima were as follows; Ag 

29.1 ppm, As 24,060 ppm, Ba 1.3%, Bi 56 ppm, Cd 2.5%, Cu 2.7%, Pb 34%, Sb 2175 ppm 

and Zn 5%. It was also found that for the German Freiburg ore-Halsbach slag combination 

(the Halsbach slag was produced by smelting of the Freiburg ore) the REEs were partitioned 

into the slag without fractionation and that there was no change in the relative abundance of 

the REEs between ore and slag (Scheinert et al., 2009). This is consistent with the findings 

for iron slags (Coustures et al., 2003, Desaulty et al., 2009). Analyses of waters draining 

some of these slags revealed significant concentration of some slag-derived metals. The run-

off water (pH 8.0) from the Namibian Tsumeb slag (Ettler et al., 2009) contained As (6 ppm), 

Cd (1.8 ppm), Cu (0.6 ppm), Pb (1.7 ppm) and Zn (2.2 ppm). Drainage waters (pH 7.2) from 

slag heaps of the USA deposits contained  concentrations of (up to) As 0.72 ppb, Ba 140 ppb, 

Cd 2.5 ppb, Cu 1100 ppb, Pb 0.53 ppb, Sb 8.2 ppb, Zn 270 ppb and Y 4.3 ppb (Parsons et al., 

2001, Piatak et al., 2004). 
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The significance of these findings is twofold. Firstly, they confirm that substantial quantities 

of metals are commonly contained in slags produced from the smelting of base and precious 

metal ores. Secondly, it is shown that metals released when the slags are weathered dissolve 

in run-off waters, in which they are commonly present in an ionic form. Both of these 

findings are relevant to Calleva where it is quite possible that weathering/leaching of the 

slags produced by the processing of base and precious metal ores has released small, but 

significant quantities of contained metals which have been detected by MMI extraction and 

analysis.  

6.6.7 Elemental Distribution Plots 

 

To examine the patterns of spatial distribution of the elements of interest and to visualise the 

correspondence between elemental concentrations and archaeological features, the raw data 

for each element were interpolated to a nominal grid and plotted as kriged contours of 

concentrations with an overlay of sampling locations. The rationale for the choice of kriged 

contouring is presented in Appendix 1.1. These plots are shown in full in Appendix 6.8. 

 

The overall pattern of element distribution is one of an annulus of higher elemental 

concentrations surrounding a centre of generally lower values (except for Mo which exhibits 

a spot high in this area). The centre low is located over and around the Forum basilica, an 

area that was excavated and backfilled more than half a century after the excavations of the 

Antiquaries of much of the rest of the Calleva site. This phenomenon is well displayed by the 

distribution plots for As and Fe which are shown in Figure 6.16. It is discussed more fully in 

section 6.6.11 below. 
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Figure 6.16a Contour and CPM elemental distribution plots of Calleva MMI samples for As 

(above) and Fe (below) on the Roman Town Plan base and showing the annular distribution 

of elemental concentrations increasing outwards around the Forum Basilica. Equal Interval 

Class Ranges, individually modified to best display the elemental distribution were chosen to 

group the data. 
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Figure 6.16b Contour and CPM elemental distribution plots of Calleva MMI samples for As 

(above) and Fe (below) on the Roman Town Plan base and showing the annular distribution 

of elemental concentrations increasing outwards around the Forum Basilica. Equal Interval 

Class Ranges, individually modified to best display the elemental distribution were chosen to 

group the data. 
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The elements Zr, Ti, Th, Ti, Tl, Nb, Sn, Sc, Cr, Co, Sb, Bi, plus Ce and Nd (and all other 

REEs), many of which are incompatible elements (Albarède, 2009), show a very close 

similarity in their spatial distribution. Representative elements from this group (Nb, Ti, Tl 

and Th) are shown in Figure 6.17. The locus of enrichment for these elements is on, or 

around sample CAL15 which is located immediately northwest of the Insula IX excavation. 

This sample was taken from a location about 5m north of the soil dump from the Insula IX 

excavation and it is possible that at least some of the elemental enrichment noted may have 

come from material leached from the soil dump. Whilst the elements Cr, Th, Cs, Zr, Sb as 

well as Hg and Mn are concentrated around CAL15, others (Nb, Ti, Th, Ce as well as W and 

Li) display a broader spread of higher concentrations across the north of the sampled area. 

This is demonstrated by reference to the plots of Th and Ti in Figure 6.17. 
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Figure 6.17a Contour and CPM elemental distribution plots of Calleva MMI samples for the 

incompatible element Nb on the Roman Town Plan base. 
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Figure 6.17b Contour and CPM elemental distribution plots of Calleva MMI samples for the 

incompatible element Ti on the Roman Town Plan base. 
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Figure 6.17c Contour and CPM elemental distribution plots of Calleva MMI samples for the 

incompatible element Tl on the Roman Town Plan base. 

 

 



176 

 

 

 

Figure 6.17d Contour and CPM elemental distribution plots of Calleva MMI samples for the 

incompatible element Th on the Roman Town Plan base. 
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Figure 6.17e Contour and CPM elemental distribution plots of Calleva MMI samples for the 

incompatible element Sc on the Roman Town Plan base. 
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Figure 6.17f Contour and CPM elemental distribution plots of Calleva MMI samples for the 

incompatible element Zr on the Roman Town Plan base. 

 

Plots of Ga and Cs (Figure 6.18), which are geochemically quite different (Ga has a high 

cationic charge (+3) and relatively small ionic radius (62 pm) whereas Cs is a LILE with a 

cationic charge of +1 but a large radius of 167 pm), but which at Calleva demonstrate a very 

strong association, show distribution plots very similar to those of the Incompatible Elements 

listed above. The reason for the Ga-Cs association is unclear but the distribution plots 

indicate a close association of these elements with the incompatible elements. 
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Figure 6.18a Contour and CPM elemental distribution plots of Calleva MMI samples for Ga 

on the Roman Town Plan base. 
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Figure 6.18b Contour and CPM elemental distribution plots of Calleva MMI samples for Cs 

on the Roman Town Plan base. 
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The distribution of Sn at Calleva is interesting. The overall content of MMI extractable Sn on 

the site is high (Figure 6.19), the element has a Geochemical Contrast of 12 and 

concentrations range from 5-89 ppb. Whilst many of the higher concentration samples plot 

similarly to the incompatible elements in the north of the area, there are additional more 

widespread higher concentration samples, which are also high in Cu, Pb, Ag and Zn, to the 

east and south of the Forum Basilica, as is shown in Figure 6.20. Northover and Palk (2000; 

pp417, 419) in Fulford and Timby (2000) stated that Sn was produced by the melting of 

bronze and the cupellation of silver from coinage containing tin in the area of the Basilica. It 

is therefore possible that at least some of the elevated concentrations for these elements may 

result from material dumped here during the excavations of the Forum Basilica. However, it 

is likely that the treatment of Sn containing alloys was far more widespread across the site as 

shown, for example, by Cook et al. (2005), who recorded elevated Sn concentrations (90 

ppm) from a hearth site associated within House 1 at the Insula IX excavation. The relatively 

wide-spread and generally elevated concentrations of Sn in the Calleva samples may be an 

indication of widespread Sn processing on the site, or of the presence of Sn-bearing iron 

smelting slag as was noted for German slags (Dill, 2009).  
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Figure 6.19 Contour and CPM elemental distribution plots of Calleva MMI samples for Sn on 

the Roman Town Plan base. 

 

 

Both Ag and Au are present at Calleva in anomalously high concentrations and both display 

extremely elevated Geochemical Contrast values (Au = 142, Ag = 87). Ag shows a 

concentration range of 151- 1740 ppb), Au ranges from 0.05 - 20.6 ppb in concentration. 

Distribution plots for these two elements are shown in Figure 6.20.  
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Figure 6.20a Contour and CPM elemental distribution plots of Calleva MMI samples for Ag 

on the Roman Town Plan base. 
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Figure 6.20b Contour and CPM elemental distribution plots of Calleva MMI samples for Au 

on the Roman Town Plan base. 

 

 

The highest concentrations of Ag and Au are in samples CAL12 (Ag 1740 ppb, Au 20.6 ppb) 

and CAL18 (Ag 899 ppb, Au 17.3 ppb), both in the north of the site and near the Insula IX 

excavation where evidence of precious metal smelting in House 1 has previously been 

investigated (Cook et al., 2010, Cook et al., 2005, Cook et al., 2014). Whilst there is spatial 
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coincidence between the higher values of both elements, the association between the two 

elements was found to be only moderate (R
2
 = 0.58). The higher values are very likely to be a 

signature for buried precious metal-working hearths and /or smelting/cupellation products. 

This contention is supported by finding that Northover and Palk (in Fulford and Timby 2000, 

pp. 395-420) have described crucibles related to the refining of Ag and Au on the site. 

Northover and Palk have also documented the occurrence of Ag coin moulds of Roman Age 

at Calleva. 

 

The less elevated (but still quite high) Ag and Au concentration locations may represent 

different types of occurrence of the two metals (perhaps Ag coin manufacturing locations, Ag 

votives in temples) or may represent the widespread contamination of the site as a whole 

from the various forms of human activity that has taken place on the site and which is 

commonly recorded in soils (Acosta et al., 2015, Mann and Sylvester, 2015). The simple fact 

that Boon (2000) in Fulford and Timby (2000, p. 127) records the discovery of 575 Roman 

and Pre-Roman coins at Calleva attests to the widespread distribution of Ag and Au on the 

site. 

 

Copper, Pb and Zn are elements that were of importance in the daily life activities at Calleva 

as made clear by Fulford and Timby (2000) and by Northover and Palk (in Fulford and 

Timby 2000, pp. 415-420) who described the bronze and pewter residues from the site. 

Copper, Pb and Zn are all present at elevated MMI-extractable concentrations on the Calleva 

site as shown by their means (Cu 5531 ppb, Pb 1227 ppb, Zn 2594 ppb). The elevated Cu is 

verified by its Geochemical Contrast of 12.7, whereas both Pb and Zn display only modest 

Geochemical Contrast because the background levels of both of these elements are high and 

probably indicate some widespread local regional elevation in concentration of these 

elements, a view supported by reference to the SE England GEMAS means for these 

elements (Pb 150 ppb, Zn 460 ppb), shown in Table 6.1. Distribution plots for Cu, Pb and Zn 

are displayed in Figure 6.21. 

 

Cu and Pb are strongly concentrated in a group of samples to the east and southeast of the 

Forum Basilica. These samples also show elevated concentrations of Ag, Sn and, to a lesser 

extent, Zn and may be indicative of bronze, pewter and silver processing in this area which is 

underlain, according to the Antiquaries Plan (Figure 6.6) by a number of Roman buildings in 

Insulae IV, VI and XXXIV. 
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Copper is also highly elevated in the Au rich samples CAL12, 13 and 52, located to the west 

of the Forum Basilica on Insulae X, XIV and XVI, all of which are recorded as containing 

substantial buildings. Lead is enriched in the samples in the northwest of the area and 

especially in CAL15 (highest Nb) and CAL13 (high Au) and in two samples in the south. 

Zinc shows little spatial association with either Cu or Pb and is not recorded as being a metal 

of importance at Calleva by Fulford and Timby (2000). Analyses of crucible residues and 

silver alloy samples almost always returned Zn concentrations < 0.1%. It is possible that the 

high concentrations of Zn may be related (in part at least) to the dissolution of high Zn 

containing slags derived from the processing of base and precious metal ores, as noted above. 

 

 

Figure 6.21a Contour and CPM elemental distribution plots of Calleva MMI samples for Cu 

on the Roman Town Plan base. 
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Figure 6.21b Contour and CPM elemental distribution plots of Calleva MMI samples for Pb 

on the Roman Town Plan base. 
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Figure 6.21c Contour and CPM elemental distribution plots of Calleva MMI samples for Zn 

on the Roman Town Plan base. 
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Figure 6.21d Contour and CPM elemental distribution plots of Calleva MMI samples for Mo 

on the Roman Town Plan base. 

 

 

Mercury shows a distribution similar to many of the Incompatible/Heavy Metal Elements, 

being spread across the northern section of the site. It displays concentrations of up to 4 ppb 

(Table 6.2 above, shows that Hg has a Geochemical Contrast of 6.3 at Calleva). Mercury 

shows a moderately strong association with Ti (r=0.70) but a low association (r=0.12) with 

Mo, and element with which it is closely associated with in the hearth related samples from 
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House 1 (see below). Mercury is an element commonly found in association with Ag and Au 

in precious metal deposits (Corbett, 2002, Corbett and Leach, 1998) and it is possible that the 

occurrences at Calleva may be related to the processing of this type of material, as is 

suggested by the House 1 results. The other common association of Hg and Au is in the 

amalgamation process (Miners, 2012) where Hg is used to bind gold, which can then be 

recovered by the retorting of the amalgam to volatilize the Hg, leaving the gold. Whilst the 

existence of Hg had been known since the 4
th

 century BCE (Aristotle in his Meteorology 

treatise) amalgamation of Au was not generally practiced until about the 12
th

 CE and was 

probably not known by the Romans, so this is unlikely to have been the source of Hg at 

Calleva. 

 

The element Mo returned most unusual results. The element is at generally low 

concentrations across the site except for a spot high of 40ppb in a sample located 

immediately above the Basilica. This result may be spurious as the sample has low 

concentrations of most other elements and the highest concentration of Mo in all other 

samples is only 13 ppb. The distribution plot for Mo is shown in Figure 6.21. The only other 

sample which contains moderately high concentrations of Mo is CAL13 which is also 

enriched in Pb, Hg and Au. It is noteworthy that elevated levels of Mo (and Hg) were found 

in samples associated with metal processing hearths in House 1 (see House 1 MMI results 

below). Mo shows a similar spatial distribution to K and Rb, and Li to a much lesser extent. 

 

Phosphorus is an element commonly found to be an indicator of anthropogenic activity 

(Middleton, 2004). At Calleva, P has a Geochemical Contrast of 2.9 and is found in relatively 

high concentrations in a number of samples across the northern section of the sampled area 

and also in some samples in the west and south. It demonstrates a moderately strong 

correlation with Ti (r=0.73) and Sn (r=0.78) but not with other metals except Fe, (r=0 64). It 

is possible that the northern samples are showing elevated P related to the metal-working 

activities. The western and southern samples show no particular relationship with other 

elements or with mapped Roman building features. There is no direct evidence of any 

anthropogenic source for the P in these samples other than the possibility that the P here, and 

over most of the site, could be derived from fertilizing with manure (or just manure, as cows 

are currently grazing the site).  
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The overall elemental distribution at Calleva is one of a number of elemental groups which 

strongly suggest that they represent signatures for various metal processing activities which 

have been carried out on the site. There is a large group containing Cs, Ga, Zr, Ti, Th, Ti, Tl, 

Nb, Sn, Sc, Cr, Co, Sb, Bi, Ce, Nd (and all other REEs), Hg, Mn, W, Li and Fe, which 

appears very likely to be representative of the products of the processing of iron and base 

metal ores (slag). The Ag, Au pair is believed to be indicative of precious metal extraction 

and possibly coin production, and the Pb, Sn, Cu association is quite possibly representative 

of bronze and pewter processing. These elemental associations are set against a generally 

high background of many elements across the entire site. This is particularly true for the 

metals Ag, Au, Pb, Cu, Sn and Zn which may be the result of extensive metal-working over 

the site for some centuries. 

 

6.6.8 Spatial distribution of element indices 

 

 

Whilst individual elements in a suite can be used to define an area of particular interest, 

examination of an elemental group (a composite index) can commonly provide better detail 

and definition of the phenomenon giving rise to the anomalous suite (Mann et al., 2012, 

Smith et al., 1984). The analysis of the Calleva MMI data – correlation analysis, PCA and 

multi-element plots – leads logically to the use of such indices. The index points can be 

plotted and contoured to produce an Index plot. This has been done for three suites; the 

Incompatible Element Suite (Incompatibles), the Noble Metal Suite and the Alloy Metal 

Suite, for the area sampled at Calleva (Figure 6.22). 

 

The Incompatible Element Suite (Incompatibles) suite has been compiled into the contoured 

Incompatibles Index (ICE) (Figure 6.22 Above). It is a simple additive index constructed by 

summing the normalized-to-the mean values for the elements Cs, Ga, Nb, Sc, Sn, Th, Ti, Tl, 

Y and Zr. Index units are ppb derived. The contoured values of the ICE index are shown 

superimposed on the Calleva Roman Town plan to place the data in archaeological context. 

 

The Noble Elements Ag and Au have been compiled into the simple additive (elements 

normalized to the mean) Noble Metal Index (NM), the contoured values of which are shown 

in Figure 6.22 (Middle). 
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Figure 6.22a Calleva MMI elemental index kriged contour plots on the Calleva 

Roman Town Plan. – The Incompatible Index. 

 

 

 

Figure 6.22b Calleva MMI elemental index kriged contour plots on the Calleva 

Roman Town Plan.  – The Noble Metal Index.  
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Figure 6.22c Calleva MMI elemental index kriged contour plots on the Calleva Roman Town 

Plan.– The Alloy Metal Index. 

 

 

The Cu-Pb-Sn suite, thought to be indicative of alloy metal processing has been combined 

into a simple additive index, The Alloy Metal Index (AM). The contoured plot is shown in 

Figure 6.22 (Lower). 

The ICE Index shows a strong focus on the area to the northwest of the Insula IX excavation 

and has a peak in sample CAL15. Elevated ICE index values extend in a broad zone from the 

CAL15 high in the northwest, east across the site (CAL 49, 50), north of Insula IX. There are 

also spot highs in the very south (CAl1) and west of the area (CAL51). This is reflective of 

the individual elemental distribution plots. CAL15 and samples immediately to the north 

(CAL16, 17) are located over Insula XXVI. The Antiquaries plan indicates that Cal16 and 17 

are underlain by Roman buildings. There is no structure indicated as being present beneath 

CAL15. Roman buildings are also shown beneath samples CAL49 and 50 in Insula XXII, in 

the northeast. The CAL1 anomaly is underlain by vacant land in Insula XXVIII whilst 

CAL51 appears to be coincident with a north-south road between Insulae XV and XVI. It is 

possible that the buildings beneath the elevated ICE Index points may have housed metal 

processing facilities. 
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The NM index contours are centred primarily around three sites; sample CAL12 southwest of 

the Insula IX excavation, over a road between Insulae IX and X; sample CAL18 over vacant 

land in Insula XXIII and over what is depicted as a Church, south of the Forum Basilica, in 

sample CAL59 (also elevated in Cu). The CAL12 anomaly is by far the strongest and its 

location close to the intersection of the major east-west and north-south Roman roads (which 

lead directly to the North and West town gates) indicates its importance. It is very likely to 

have been a precious metal smelting/cupellation site.  

 

The AM Index contours display three areas of high values. The highest are in an area 

immediately east of the Forum Basilica covering parts of Insulae V, VI and XXXIV in which 

a number of Roman buildings are shown on the Antiquarian plan. Sample CAL42, from this 

area, has the highest concentration of both Cu and Pb and also a high Sn content. The second 

area of elevated AM indices largely overlaps that of the major ICE index zone, across the 

north of the site. The AM index peaks over sample CAL15 as does the ICE index. This is in 

part because CAL15 has the highest Sn content of all samples on the site and Sn is a 

component of both indices. The highest Cu value in this area is not in CAL15, although it 

does have a high Cu (and Pb) concentration, but is in CAL16 located 40m to the north. The 

third area of elevated AM values lies at the western margin of the sampled area. It is centred 

on CAL7 and is characterized by moderately high Cu and Sn concentrations. The area is 

small and is not seen as an important area for further investigation. 

 

The separation of the distribution of the ICE and AM index anomalous areas as well as their 

overlap in one area is an indication that Sn is probably associated with at least two different 

metallurgical contexts at Calleva. The association of Cu with the Noble Metals, for example 

in CAL59, is perhaps further evidence that various metal processing activities, together with 

a range of metals, were being treated at one site, either contiguously or at different times. 

 

The index plots provide substantial support for the hypothesis that the MMI multi-element 

geochemistry could detect signatures characteristic of metal processing from a number of 

sites at Calleva. In particular, the sites around samples CAL12, CAL15, CAL 42 and CAL59 

are strongly indicative of metal processing sites and require follow-up investigation. 

 

In summary, the composite element index plots provide a valuable overview of the 

distribution of elemental suites defined by the individual element distribution plots and 
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provide telling evidence on the ability of geochemical signatures to define and delineate 

archaeological features at Calleva. The plots provide convincing evidence of the processing 

of ferrous, base and noble metals on the site.  

6.6.9 The use of log transformed multi-element profiles to show geochemical similarities 

and differences between samples 

 

The MMI multi-element data can demonstrate both the similarities and differences in 

elemental concentrations between samples as has been demonstrated by the results of the 

elemental index work shown above. The similarities and differences can be displayed by the 

comparative use of lognormal histograms of multi-elemental suites. Multi-element MMI log 

transformed profiles have been prepared for ‘type’ samples from the ICE Index, NM Index 

and AM Index anomalous areas and a typical background sample for comparison. Samples 

CAL12, CAL15 and CAL59 were chosen as geochemically representative of anomalous 

areas. 

 

The choice of local the background sample was made after consideration of the location of 

the samples with low elemental concentrations. CAL34 was chosen as it is located at the 

margin of the survey area and is adjacent to sample CSINT1, which was one collected by 

Speed (2014) to determine the strong acid digestion backgrounds. The elemental composition 

of CSINT1 is shown in Table 6 below.  

 

The extent of geochemical difference between soils inside and outside the Calleva wall is 

well demonstrated by examination of the log transformed difference plot of the local 

background sample CAL34 and regional background SLB Mean. Figure 6.23 shows that the 

background inside the wall is substantially higher in Ag, Al, Au, Ca, Cu, Fe, K, Mg, P and 

Sn. Silver is 89× higher, Au is 162×, Cu is 12.6× and Sn is 5.2×.   



196 

 

0

0.5

1

1.5

2

2.5

3

3.5

4

Ag Al Au Ca Cu Fe Hg K Mg P Sn

Lo
g

1
0

 C
A

L3
4

 -
Lo

g
1

0
 S

LB
 M

e
a

n

Elements in alphabetical order

CAL34-SLB MEAN

Figure 6.23 Plot of the differences in elemental concentration between the MMI background 

outside the Calleva wall (SLB Mean) and that inside the wall, represented by CAL34. The 

data are log10 transformed and only metallic elements which display log10 differences in 

excess of 0.3 units (> 2.0× concentration) are shown. 

 

The log transformed ICE Index sample CAL15 difference plot (CAL15-CAL34) is shown in 

Figure 6.24. It reveals, when the local background is subtracted, log10 enrichment at >0.5 

log10 units (equivalent to > 3.2× background) for a wide range of elements (Ce, Cr, Cs, Dy, 

Er, Eu, Ga, Gd, La, Li, Mn, Nb, Nd, Pr, Sb, Sc, Sm, Sn, Tb, Th, Ti, Y, Yb and Zr). Elements 

which display log10 differences of between 0.6 (equivalent to 4× background) and 1.2 

(equivalent to 15.8× background) units are Ce, Cr, Dy, Er, Eu, Ga, Gd, La, Mn. Nb, Nd, Pr, 

Sb, Sn, Tb, Ti, Y, Yb and Zr. Those greater than 0.75 units (equivalent to 5.6× background) 

are Ce, Cr, Dy, Er, Eu, Gd, La, Nd, Pr, Sb, Sm, Tb, Y and Yb – most of which  are REEs. 

This plot clearly demonstrates the enrichment in Incompatible and HFSEs in CAL15 which 

typifies the ICE index elemental suite. The enrichment of the REEs is substantial. Cerium is 

present at 32.4× background concentration. 
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Figure 6.24 Log10 difference plot for ICE index type sample CAL15 with background sample 

CAL34. The plot is characterized by enrichment of the ICE type sample in Incompatible and 

HFS elements. REE’s (and Y) are substantially enriched at concentrations > 5.6× 

background. They are shown in red on the plot. 

 

The NM Index sample CAL12 (Figure 6.25) difference plot shows log10 enrichment the 

elements Ag, Au, Cd, Cu, Pb and (Sb). It is interesting to note that Ag shows only the 

equivalent of 3.8× background enrichment and Au only 1.6× enrichment in this peak Index 

sample. This is due to the high background Ag and Au levels on the site and in particular in 

the background sample CAL34, which contains 453 ppb Ag and 12.9 ppb Au. It is not due to 

a lower level of concentration of these elements in CAL12 (Ag 729 ppb, Au 21 ppb). The 

Calleva reconnaissance Mean and 1
st
 Quarter Mean for these two elements are Ag; M = 458 

ppb, 1QM = 254 ppb, Au; M= 10 ppb, 1QM = 7.3 ppb, whereas the regional background 

SLB Means are Ag = 21 ppb and Au = 0.1 ppb. CAL12 shows no enrichment in REEs. 
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Figure 6.25 Log10 difference plot for NM index type sample CAL12 with background sample 

CAL34. The plot is characterized by enrichment of Ag, Au and to a lesser extent Cd, Cu and 

Pb. These elements are shown in red. Antimony (blue) is present at 2× background 

concentration, but the samples contained only 2 and 1 ppb Sb respectively, which is close to 
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The AM Index sample CAL42 (Figure 6.26) plot (background subtracted) shows log10 

enrichment at >0.5 log10 units (equivalent to > 3.2× background) and 1.0 log10 units 

(equivalent to 10× background) in the elements Ag, Al, Ce, Co, Fe, Ga, La, Mn, Pb, Sb, Sc, 

Sn, Tb, Th, Tl, Zn, and Zr. Elements which display log10 differences > 1.0 are Dy, Er, Eu, Gd 

(max. equivalent to 52× background), Nd, Sm, Y and Yb. Cu shows an enrichment equivalent 

to only 2.5× background whilst Pb and Sn in CAL42 both show enrichment of only 3.3× 

compared with the background. This is once again not because of low concentration of these 

elements in CAL42 (Cu 10,800 ppb, Pb 3020 ppb, Sn 46 ppb) but due to the overall high 

background levels of them across the site. The Calleva reconnaissance Mean and 1
st
 Quarter 

Mean for these three elements are Cu; M = 5531 ppb, 1QM = 401 ppb, Pb; M= 1227 ppb, 

1QM = 699 ppb, Sn; M = 32 ppb, 1QM = 13 ppb whereas the regional background SLB 

Means are Cu = 613 ppb, Pb = 1183 ppb and Sn = 4.67 ppb.  
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Figure 6.26 Log10 difference plot for AM index type sample CAL42 with background sample 

CAL34. The plot is characterized by enrichment of the AM index metals Cu, Pb and Sn. 

These elements are shown in red. The Cu enrichment (1.6× background) appears less than it 

really is because the background sample CAL34 is relatively enriched in Cu (6970 ppb, 

compared with a Cu mean of 5531 ppb). CAL42 contains 10,800 ppb Cu. Silver (green) is 

present at 1.7× background, Zn (green) at 1.6× background. The REEs and Y (blue) also 

display enrichment in CAL42 ranging from 1.7× (La) to 3.0× (Tb). 

 

 

These multi-element profiles indicate the REEs are strongly enriched in all the ‘type’ 

samples, which may be reflective of the concentration of these elements in slag. The overlap 
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of enrichment of a number of elements (e.g. Ag, Sn, REEs) appears to indicate that there may 

have been a range of metal processing activities being carried on at some sites over time, or 

perhaps at the same time.  

6.6.10 REE patterns 

Examination of the multi-element profiles for the ‘type’ samples representative of the three 

multi-element indices shows that in all cases there is a substantial enrichment (compared to 

background) in the REEs. For some elements this relative enrichment is very large (e.g. Ce is 

14 × background for the ICE Index ‘type’ sample). To demonstrate this and to investigate 

whether there was any differential REE enrichment, REE profiles were plotted for the Index 

‘type’ and background samples, the Silchester regional background sample mean (SLBM) 

and the Crustal Abundance average values (Rudnick and Gao, 2003), for comparison.  

The REE profile plot (Figure 6.27) of the Index ‘type’ samples and the average Crustal 

Abundance of these elements shows that the ICE index sample is strongly enriched in Y and 

Ce. Whilst it is recognized that conventional REE diagrams plot normalised concentrations 

(REE-sample/REE-reference), which for soils and sediments is typically Average Upper 

Crustal abundance (Rudnick and Gao, 2003), the raw data shown in Figure 6.27 clearly 

demonstrate the relative Y and Ce enrichment. The more traditional plot is shown in Figure 

6.28.   
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Figure 6.27 Calleva reconnaissance MMI REE profiles for Index ‘type’ and background 

samples compared with the Average Crustal Abundance REE profile from Rudnick and Gao 

(2003). 
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It must be borne in mind that the Calleva data are MMI partial extraction data and that there 

are differentials in the extraction rates of different elements. Whilst Y is considered to be a 

REE it is not a Lanthanide Group Element (Y is a Row 5 element with Atomic Number 39 in 

the Periodic Table whereas the Lanthanides are Row 6a with Atomic Numbers ranging from 

59-71). Y has an MMI extraction rate (cf XRF) of 0.68% (2.8 % cf Aqua Regia) whereas the 

Lanthanides are about 0.22% cf XRF and 0.48% cf Aqua Regia (Mann et al., 2014)  The 

extraction rates Y and Lanthanides for MMI compared with Aqua regia on samples collected 

during this study at St. Algar’s Farm are 0.66 % for Y and 0.35% for the Lanthanides. These 

differences are not unexpected as Y has a different electronic configuration from that of the 

Lanthanides. Whilst this 2 - 3× difference in MMI relative extraction rates accounts for some 

of the relative Y enrichment it does not account for most it, as is obvious by reference to the 

CAL15 and Continental Crust profiles. The Y/Pr ratio for Continental Crust is about 3 

whereas for CAL15 it is 7.7× as can be observed in the Table in Figure 6.28. 
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CAL12 - NM 1.9 0.4 0.4 0.7 1.0 1.7 1.8 2.0 1.4 1.3 1.2 1.0

CAL42 - AM 5.6 1.0 1.3 2.1 3.2 4.7 5.6 6.5 4.3 4.4 3.7 4.1

CAL34-BCG 2.6 0.6 0.5 1.0 1.6 2.3 2.7 3.0 1.4 2.1 1.7 1.5  

Figure 6.28 Calleva reconnaissance MMI REE profiles for ICE, NM and AM ‘type’ samples 

and the Calleva local background sample normalized to the Average Crustal Abundance REE 

concentrations from Rudnick and Gao (2003).The second striking point about the REE MMI 
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content of the index ‘type’ samples is the much higher concentration of these elements in the 

ICE Index sample CAL15 compared to the NM and AM Index ‘type’ samples CAL12 and 

CAL42 respectively. The REE (+Y) ratios for CAL15/CAL12 for Y, Nd, Gd and Yb are 

consistently about 9 (except for Yb which is 12.5) and for CAL15/CAL42 they are about 3. 

Whilst the relative degree of enrichment varies between the index ‘type’ samples, only 

CAL15 and CAL42 are enriched compared with the background. The NM Index ‘type’ 

sample CAL12 is, on average, slightly depleted in REEs compared to the background sample 

CAL34, with CAL12/CAL34 averaging 0.7 for the REEs. The AM type sample CAL42 

displays an average comparative enrichment for all REEs of 2.2 ×, whereas the ICE index 

type sample CAL15 displays 6× enrichment in REEs compared to background. CAL15 

contains significant concentrations of MMI-extractable REEs. 

 

The difference between Calleva background and local background for the REEs is 

demonstrated in the traditional manner with Calleva data normalized to Upper Continental 

Crust abundance in Figure 6.29. The local background (SLB Mean) is much higher than the 

Calleva background (about 6× across the REE range) but is less than the concentrations 

shown for the ICE index ‘type’ sample compared with the regional background. The 

CAL15/SLB Mean averages 1.3× across the REE range. 

  

Figure 6.29 Calleva MMI REE profiles for local and regional background samples 

normalized to Average Crustal REE Abundance from Rudnick and Gao (2003). CAL15 – 

ICE Index; CAL42 – Alloy Metals Index; CAL12 – Noble Metals Index; CAL34 – Calleva 

background; SLB Mean – local background. 
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Whilst the MMI extractable REE concentrations are much lower than the XRF based 

continental crust REE values, the relative MMI enrichment of each of the REEs (and Y) is 

significant, particularly for CAL15. The plots demonstrate the enrichment in Y, the steady 

increase in values from La to a middle REE peak at Gd and a reduction from there to Er, Yb. 

The elevation in the normalized REE values is greatest for the ICE index sample, followed by 

the AM sample, with the NM and background samples showing a pattern close to Upper 

Crustal Abundance. The patterns of the three Index samples are very similar (except for the 

positive Ce anomaly in CAL15), only the magnitude of enrichment varies, so no REE 

fractionation is apparent despite the other geochemical differences.  

 

It is apparent from the Continental Crust normalized data in Figure 6.28 that there has been a 

substantial enrichment of MMI extractable REEs in a number of the Calleva reconnaissance 

samples relative to site or local background. The extent of that enrichment is variable. That 

observation is equally true of strongly enriched samples, thought to be indicative of metal-

processing (not Ag and Au processing) and for other samples, including those considered to 

be indicative of geochemical background. It is considered possible that the source of the REE 

enrichment in the samples (particularly those which have a high ICE index) is the presence of 

varying amounts of slag derived from the on-site metal-processing, as it was demonstrated 

that the REEs preferentially differentiate , with the Incompatible Elements (and some others 

also), into the slag during smelting operations (Coustures et al., 2003, Desaulty et al., 2009, 

Dill, 2009, Ettler et al., 2009, Ettler et al., 2001, Parsons et al., 2001, Piatak et al., 2004, 

Scheinert et al., 2009) and that a large quantity of metal-processing slag has been recovered 

during excavations at Calleva (Fulford and Timby, 2000). That slag was similar to early 

Medieval light, glassy iron slags from Sardinia (Mameli et al., 2014) into which the REEs, 

and many other Incompatible Elements, were preferentially fractionated. This is further 

supported by the observation that Y is abundant at Calleva and this is what might be expected 

as Y is a ‘lighter’ element than the Lanthanides (Atomic Number 39 cf 59-71). The relative 

enrichment of Y (in comparison to the REEs) in base and precious metal slags has been noted 

(Piatak et al., 2004). Meryem et al. (2016) have demonstrated the enrichment of REEs in 

agricultural soils in the vicinity of base metal mining and smelting sites in southern China, 

with the enrichment being greater around the smelting sites. They attributed the enrichment, 

which was greater for the light REEs to material produced during the smelting process. The 

normalized (to Post Archaean Australian Shale (Taylor and McLennan, 1985)) REE profile 

of the Chinese smelting site data showed a steady increase in light REEs up to a maximum at 
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Eu, followed by a steady decline over the heavy REE range. A similar pattern was observed 

for the Calleva data (Figures 6.28 and 6.29) except that the peak was reached at Gd rather 

than Eu. A possible reason for this slight shift in peak is that whilst the Chinese data were 

normalized to Post Archaean Australian Shale, the Calleva data were normalized to Average 

Crustal Abundance data from Rudnick and Gao (2003). 

 

It is likely that the variations in REE concentration in the samples believed to contain a 

significant slag component, results from the amount of slag derived material present in the 

sample. There has been considerable transport of materials around the site over time. This has 

resulted in, as has been shown for many of the metallic elements, widespread low grade 

contamination, and it is likely that even the background samples contain some traces of the 

slag residue. These traces are additional to the lithological REE component of these samples. 

 

6.6.11 DOGS and the Forum Basilica ‘hole’ 

Examination of the elemental distribution plots and those for the spatial distribution of 

element indices reveals an area of relatively low concentration for almost all elements over 

the area where the excavation of the Forum basilica was undertaken (Fulford and Timby, 

2000). 

The extent of this multi-element ‘hole’ is evident on a Degree of Geochemical Similarity 

(DOGS) (Mann et al., 2016) r correlation coefficient plot (Figure 6.30) using the local 

Calleva background sample CAL34 as the Comparator. CAL34 was used rather than 1QM as 

the elemental means for CAL34 are lower for most elements than the 1QM values, thereby 

giving a better contrast. This plot shows that the ‘hole’ is a distinct area of relatively low 

DOGS r values which coincides with the area of the Forum basilica excavation documented 

by Fulford and Timby (2000).  
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Figure 6.30 DOGS r Correlation Coefficient contour plot using the local background sample 

CAL34 as Comparator. The approximate location of the Forum excavation site is depicted by 

the black rectangle. 

 

The plot of the log transformed elemental means of the full data set without the four samples 

taken over the area where the Forum was excavated minus the log transformed elemental 

means of the full data set in shown in Figure 6.30. It demonstrates clearly that samples over 

the Forum basilica excavation area are depleted in all (see for example, Figure 6.16) except 

four elements (Ca, K, Mo and Rb). This accounts for the ‘hole’. This plot also shows a 

substantial difference in the composition of CAL15 from that of CAL34. A plot similar to 

Figure 6.30, but also eliminating CAL34 in addition to the ‘hole’ samples, showed that the 

elimination of CAL15 made no significant difference to the plot. 

The question arises as to why this ‘hole’ exists. The fact that it is closely spatially related to 

the Forum basilica excavation appears important. The samples taken from this area do not 

appear to be visually different from the rest of the samples taken. However, these soils are 
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composed of material that was refilled into the excavation on completion of the research 

project. The soil has been mixed and all prior soil profile has been destroyed. The original A, 

B and probably parts of C soil horizons have been homogenized and any discrete signal from 

the 10 – 25 cm has probably been destroyed. This is the zone in which the MMI signature is 

maximised. Whilst the Flower Pot experiments documented in Chapter 9 have demonstrated 

that soil geochemical signatures can develop relatively quickly, it is only about 30 years since 

the site was refilled and it is likely that there has been insufficient time to fully emplace a 

new signature detectable by MMI. This situation is different from that which exists on most 

of the Calleva town site where excavations by the Society of Antiquaries, carried out 

primarily in the latter part of the C19
th 

were completed by 1909. This has allowed more than 

100 years for a new geochemical signature to be developed in the top 10-25 cm of the soil 

profile. It appears very likely that this is the signature that has been sampled by this research 

project on most of the Calleva site (except over the Forum basilica). 

 

 

Figure 6.31 Difference plot of data set without the Forum samples and the full data set using 

means of log transformed data. 

 

6.7 Comparison of Calleva MMI and acid digest results 

Aqua regia (AR) extraction soil geochemistry was previously carried out to assess the degree 

of metal pollution within the Calleva town walls, at sites in the immediately surrounding area 

and beyond (Speed, 2013, Speed, 2014). Samples were taken from 5cm depth from 8 areas 

inside the walls, 8 outside the walls and from four sites well beyond. The samples were dried 

-0.04

-0.02

0

0.02

0.04

0.06

0.08

0.1

0.12

A
g A
l

A
s

A
u

B
a B
i

C
a

C
d C
e

C
o C
r

C
s

C
u

D
y Er Eu Fe G
a

G
d

H
g K La Li

M
g

M
n

M
o

N
b

N
d N
i P

P
b P
r

R
b Sb Sc Sm Sn Sr Tb Th Ti Tl U W Y

Y
b Zn Zr

Lo
g1

0
 M

e
an

 r
e

d
u

ce
d

 s
e

t 
-

Lo
g1

0
 M

e
an

 
to

ta
l s

e
t 

 

Elements in alphabetical order

Mean of data without depleted samples - Mean of total 
data set



206 

 

and the < 2mm fraction digested using an aqua regia ‘pseudo-total’ method, then analysed by 

ICP-OES for 17 elements - Ba, Bi (data not used as results spurious due to matrix 

interference- Chris Speed, pers. comm.), Cd, Cr, Cu, Fe, Ga (data also not used), Li, Mn, Pb, 

Sr, Zn, Ca, K, Mg, Na and P.  

 

In addition, stratigraphic samples were taken from 4 vertical profiles within the excavated 

area of Insula IX to examine variations in Pb concentrations with depth and, by inference, 

over time (Speed, 2013, Speed, 2014). The samples were taken at 5 cm intervals from the 

surface to a depth of 180 cm (depth of local basement) and processed in the same manner as 

the soil samples. Lead concentrations increased up the profiles (from background 

concentrations of about 23 ppm), reaching maxima (140-160 ppm) at about 20 cm below 

surface. Pb concentrations then decreased to around 100-130 ppm at surface (Figure 6.32). It 

was concluded (Speed, 2014) that there was “a general elevated level of lead during some 

periods of the Roman town … it seems to be related to (unstated) Late Roman factors”. 

 

The nature of the Pb distribution in these profiles is similar to that observed for MMI 

sampling, with peak values occurring at 15-20 cm below surface. This may be indicative that 

the process of transpiration-evaporation has been active and that at least some of the Pb 

detected may have been transported up the profiles in solution and deposited on clays or 

organic matter. Examination of a photograph of one profile (Figure 6.32) shows that a 

marked change occurs in the stratigraphy at about 40 cm depth. Below that level, strata are 

composed primarily of tightly packed angular, light coloured, lithic (probably flint/chert) 

fragments. Above 40 cm depth the material is a relatively homogenous, dark grey-black 

sandy soil, containing lithic fragments probably derived from the underlying strata. It is from 

the base of this soil unit that the measured Pb values increase upwards. On the basis of these 

observations it is reasonable to postulate that much of the Pb found in this upper soil layer 

has been transported and deposited there from (probably) Roman archaeological sources at 

depth. 
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Figure 6.32 Cross section of stratigraphic profile from Insula IX. Left; AR extracted Pb in 

ppm. Right; photograph of section face showing sample locations. Data and photograph 

supplied courtesy of Dr Chris Speed, University of Reading.  

The soil sampling results for the area enclosed by the Roman town walls, the immediately 

surrounding area and from samples taken further away and representative of regional 

background are shown in Table 6.5. The mean values for many elements are similar for local 

and regional background samples. However, the results confirm that Pb is substantially 

enriched within the walls (compared to the local and regional background) as are Cd, Cu and 

P. Ba, Mn and Zn also show enrichment but not to the same extent. The degree of enrichment 

is indicated by the Geochemical Contrast between the samples from within the walls and the 

mean of the external samples. The values of the Geochemical Contrast for a number of 

significant elements are shown in Table 6.6.  
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It is instructive to compare these results with those obtained from the MMI reconnaissance 

sampling. Both the earlier aqua regia digest study and the current MMI study collected soil 

samples from within and outside the Calleva walls. Whilst 63 samples were collected from 62 

well separated sites for the MMI survey within the walls, 35 samples from only 7 sites within 

the walls were collected for the aqua regia survey. Conversely, only three samples were 

utilized to determine local MMI background elemental concentrations, whilst a total of 39 

samples from 11 sites were used to determine the AR digest background elemental 

concentrations outside the Calleva walls. 

 

Geochemical Contrast for the aqua regia digest data was calculated for each element by 

dividing the overall Mean value for the element from samples inside the wall by the overall 

elemental Mean for samples taken outside the wall. Similar calculations were made on the 

MMI data for comparative purposes. MMI Geochemical Contrast values for selected 

elements are shown in Table 6.7.  

 

The aqua regia results show that the Geochemical Contrast is strong for Pb, P, Cd and Cu and 

moderately strong for Mn, Zn and Ba. The MMI data (for 53 elements compared with 17 for 

aqua regia) shows extremely strong contrast for Ag and Au, strong contrast for Cu, Fe and Sn 

and moderate contrast for P and Hg. As noted above, Pb, Zn, Cu and P are enriched both in 

the soils within the Calleva walls and those outside. This results in a lower Geochemical 

Contrast than would be obtained if these elements were present in the background samples at 

levels similar to GEMAS mean concentrations. 
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Table 6.5 Aqua regia digest elemental concentration (ppm) in soil samples taken from within 

the Calleva Roman town walls (top), the area immediately surrounding, but outside the town 

walls (centre) and samples taken regionally and some distance from the town walls (bottom). 

Data from Speed (2014). 

 

 

Table 6.6 Geochemical Contrast (Elemental Mean of samples taken within the Calleva 

Roman town walls/ Elemental Mean of local and regional background samples) for selected 

elements after aqua regia digestion of soil samples from Calleva. Data from Speed (2014).

ELEMENT Ba Cd Cu Fe Mn P Pb Zn

GEOCH. CONTRAST 2.3 4.0 3.7 1.4 2.8 5.7 6.0 2.5

 

SILCHESTER INTERNAL BACKGROUND SAMPLES

Sample Ba Bi Ca Cd Cr Cu Fe Ga K Li Mg Mn Na P Pb Sr Zn 

CSIn1 109 1108 5158 0.26 13 38 12950 4.1 1772 7.0 1043 793 64 2860 110 42 128

CSIn2 83 993 3715 0.51 19 53 12076 2.3 1517 7.2 1076 840 57 1324 164 17 104

CSIn3 91 944 3549 0.63 20 51 11710 0.9 1365 5.7 935 945 46 1927 150 17 89

CSIn4 97 1008 3860 0.77 26 41 12467 -2.6 1357 5.9 1156 1053 51 587 96 19 94

CSIn5 93 1016 3305 0.59 24 37 12083 -3.0 1361 5.8 1043 963 41 578 97 18 89

CSIn6 110 1104 6339 0.39 22 72 13662 -1.7 2302 7.0 1191 1058 55 2402 420 36 103

CSIn7 91 1046 5970 0.41 22 44 13010 1.3 2160 7.7 1180 875 70 1081 128 27 98

CSINT1 89 580 4104 0.59 23 44 12711 1 1641 5 1075 841 36 1814 133 21 95

MEAN 95 975 4500 0.52 21 48 12584 0 1684 6 1087 921 53 1572 162 25 100

SILCHESTER EXTERNAL BACKGROUND SAMPLES

Sample Ba Bi Ca Cd Cr Cu Fe Ga K Li Mg Mn Na P Pb Sr Zn 

CSEx1 35 843 2349 0.13 12.5 14.8 8389 9.0 1658 5.4 795 294 26 501 24 12.0 37

CSEx2 26 966 2624 0.07 17.4 8.0 9537 4.2 1893 6.8 1137 214 52 148 13 11.9 30

CSEx3 48 839 1965 0.15 10.7 17.2 8535 5.8 1172 4.6 726 389 60 548 34 12.6 43

CSEx4 25 553 1738 0.08 8.4 6.0 5875 2.0 1035 4.1 681 122 47 -109 14 9.0 26

CSEx5 79 931 2846 0.37 22.8 29.3 9643 1.5 1269 5.9 1072 674 69 163 52 16.0 71

CSEx6 51 680 1668 0.14 8.5 10.6 7173 5.3 1069 4.2 721 474 48 213 35 10.1 44

CSEX7 48 604 1522 0.12 7.3 9.7 6302 4.4 1005 4.1 656 402 43 -342 44 9.5 39

MEAN 45 774 2102 0.15 13 14 7922 4.6 1300 5.0 827 367 49 160 31 12 41

SILCHESTER FAR OUT BACKGROUND SAMPLES

Sample Ba Bi Ca Cd Cr Cu Fe Ga K Li Mg Mn Na P Pb Sr Zn 

FO1 53 33 3817 0.08 19 15 10353 8.9 1894 10.6 1408 279 64 322 27 26 51

FO2 30 7 2220 0.06 19 8 9569 9.2 1590 8.1 1174 351 55 256 18 12 31

FO3 33 17 2537 0.18 16 13 9535 1.7 1902 7.1 937 268 28 608 24 13 37

FO4 55 -2 8855 0.37 11 210 7430 2.4 1138 5.9 886 329 63 3074 42 52 344

MEAN 43 14 4357 0.17 16 62 9222 5.6 1631 7.9 1101 307 53 1065 28 26 116

MEAN-FO4 39 19 2858 0.11 18 12 9819 6.6 1795 8.6 1173 299 49 395 23 17 40



210 

 

Table 6.7 Calleva MMI Geochemical Contrast, for selected elements, between 

reconnaissance soil samples from within the walls of the Calleva Roman town and those 

collected outside the walls to provide Silchester local background concentrations. The Mean 

value for each element for each sample group was used to calculate this type of Geochemical 

Contrast. 

    

 

The examination of the total MMI and AR data sets reveals that both confirm the enrichment 

in base metal concentration in soils within the Calleva town wall. Comparison at a more 

detailed scale is difficult because there are only three areas where the two sampling 

programmes broadly overlapped spatially. Comparative trace elemental data for these three 

areas are shown in Table 6.8. This table shows the relative positions of the pairs of samples, 

the measured AR and MMI concentrations for elements common to both data sets and for 

which reliable data are available.  

CALLEVA 

MEAN

CALLEVA 

SLB MEAN

GEOCHEMICAL 

CONTRAST

ELEMENT ppb ppb X

Ag 458 5.33 86

As 17 21 0.81

Au 10 0.10 100

Ba 520 716 0.73

Ca 524000 501670 1.04

Cd 63 52 1.21

Ce 104 217 0.48

Cu 5531 613 9.02

Cs 5 9 0.56

Fe 599365 90000 6.66

Ga 11 24 0.46

Hg 1.25 0.50 2.5

Nd 83 148.00 0.56

Nb 4.42 10.50 0.42

P 8183 3970 2.06

Pb 1227 1183 1.04

Sb 2.1 2.67 0.79

Sn 32 4.67 6.86

Ti 816 2798 0.29

Tl 0.81 1.05 0.77

Y 107 296.00 0.36

Zn 2594 2853 0.91

Zr 66 121 0.55
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Table 6.8 Comparison of aqua regia and MMI elemental concentration data for sample pairs 

that are relatively adjacent to each other within the Calleva town walls.  

 

 

A graphic comparison of the two data sets for samples within the Calleva walls is given by 

the areal distribution plot for Pb, shown in Figure 6.35. The plot shows the disparity in 

location between the two data sets with the exception of those discussed above. The peak Pb 

values from each data set do not coincide, nor is there correspondence between peak values 

for Ba, Cu, Fe, K, Mn, P or Zn. Peak values do coincide for Ca, Sr, Cd and Mg.  

Whilst it is not possible to compare the aqua regia and MMI concentrations (different sample 

sites, sampling depths, sample processing method, elemental species measured) it is clear that 

both techniques have identified the area within the confines of the Calleva town wall as being 

one that contains elevated levels of Pb, Cu, Zn and P in the soil. However, as a result of the 

increased sensitivity and lower elemental detection levels, the MMI survey has widened the 

range of elements found to be enriched in these soils to include Ag, Au, Sn, Fe (Geochemical 

Contrast 6.66× for MMI; 1.4× for AR) and Hg. This is an important addition as it provides 

evidence of a wider range of metal-processing activities than was demonstrated by the aqua 

regia survey. 

 

Easting Northing Sample Ba Ca Cd Cr Cu Fe K Mg Mn P Pb Sr Zn

633554 5691359 CSIn6 110 6339 0.4 22 72 13,662 2302 1191 1058 2402 420 36 103

633560 5691340 CAL44 0.37 615 0.00 0.05 4.69 65 32.5 24 0.78 7.3 1.07 1.40 3

633436 5690983 CSINT1 89 4104 0.6 23 44 12711 1641 1075 841 1814 133 21 95

633440 5690980 CAL34 0.36 540 0.1 0.05 6.97 47 129 13 0.88 10.1 0.8 1 1.8

633585 5691566 CSIn5 93 3305 0.6 24 37 12,083 1361 1043 963 578 97 18 89

633560 5691580 CAL50 0.84 455 0.1 0.2 4.49 89 23.5 21 2.46 10.9 1.3 0.8 3.9

Reported values ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm
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Figure 6.33 Distribution plot of aqua regia and MMI Pb values from soil samples taken 

within the Calleva town walls. Aqua regia data from Speed (2014), MMI data from this 

survey. 

 

6.8 Insula IX House 1 investigations 

6.8.1 Archaeological setting 

To evaluate the MMI technique in a different context and to also directly compare, where 

possible, MMI results with other analytical techniques, 14 samples of material derived from 

various archaeological contexts in House 1on the Insula IX excavation site were analysed.  
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House 1was a large, early Roman house complex within the north-eastern section of Insula 

IX, discovered during 1893 (Fox, 1895). Major modern excavation of Insula IX commenced 

in 1997 (Clarke and Fulford, 2002). During the course of this work in the area of House 1, 

Cook et al. (2005) undertook a soil geochemical survey to investigate areas of burnt soil 

encountered in the earlier work by Fox. These were believed (Clarke and Fulford, 2002) to be 

representative of ancient metal-working hearths, as one was found to contain high 

concentrations of Pb and Ca, believed to be indicative of bone used in cupellation furnaces. 

The Cook et al. (2005) survey was carried out within mid-first to mid-third century CE 

contexts within the remains of two separate stone structures in House,1 which had been 

amalgamated to form one large house.    

Three phases of construction have been recognised in House 1 (Cook et al., 2005). The oldest 

phase (phase 1) recognised was in the north-east section of the complex and consisted of two 

rooms. It was thought to be Claudio-Neronian in age, dating to about CE 40-60. By 70-80 CE 

two stone buildings, in close proximity were present (phase 2). The building to the south-west 

was square and consisted of three large rooms, a corridor and a lobby. The north-eastern 

building was comprised of three rooms enclosed by a corridor on three sides. By the second 

century the square house had been demolished. The north-eastern room had been destroyed 

but the walls of the three roomed structure had been extended south-west to link up with the 

rebuilt end wall (phase 3). The overall result was that both of the earlier houses had been 

integrated into a new structure comprised of a large central space retaining two rooms from 

the northern house and flanked by one or two aisles.  

The floors of these buildings were composed of clay, sometimes covered with gravel or in the 

case of the most north-easterly room in the north-east house, entirely of gravel. One room in 

the south-west house retained a remnant of tessellated floor (Cook et al., 2005). It was from 

areas of burnt soil, clay and hearths in these, and the later, stone buildings that Cook et al. 

(2005) obtained the first evidence of base and precious metal accumulation. On this basis, 

and the size and disposition of rooms, Cook et al. (2014) interpreted that central part of the 

old northern house was primarily a higher status town house and that the adjoining buildings 

were kitchens, workshops and/or lower status . 

A plan of the disposition of these buildings is shown in Figure 6.34 (from Cook et al., 2005). 
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6.8.2 Sampling and MMI analysis 

Fourteen samples of material derived from various archaeological contexts in House 1on the 

Insula IX excavation site were analysed for 53 elements using the MMI-M methodology. 

These samples were splits from samples taken from the same archaeological contexts as the 

samples previously collected and documented (Cook et al., 2010, Cook et al., 2005, Cook et 

al., 2014). They are not splits of the analysed Cook samples. They are not soils but detritus 

taken from specific archaeological contexts within House 1. Details of the nature of the 

sampled material, co-ordinates, elevation, archaeological context number, MMI sample 

number and corresponding Cook et al. (2005) sample number are shown in Appendix 5.2. 

The materials are predominantly clay floor (some with a gravel component) samples (CAH 

07, 10, 11, 12, 13, 14). Some (CAH 02, 03, 08, 09) are gravel and/or common building 

material (CBM) mixtures, CAH 01 and 04 are mixtures of slumped materials and building 

demolition products. Sample CAH 06 is a hearth sample and CAH 05 is heat altered material 

below a hearth. These groups are labelled the Clay group, the Gravel/CBM group, the 

Slumped group and the Hearth/Hearth Related group. 

  

Figure 6.34 Plan of the House 1 stone buildings on Calleva Insula IX during the late first 

century to early second century CE. A description of the three phases is given in 6.8.1. 

(Image after Cook et al. (2005)). 

Phase 1 

Phase 2 

Phase 3 

Phase 2 
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6.8.3 MMI Results 

 

MMI analyses for 53 elements are shown in Appendix 6.4 as are means, background 

concentrations (1QMean) and Geochemical Contrast (4QMean/1QM) for all elements. There 

is an elevated concentration of many elements across the sample suite as indicated by 

commonly high Mean value and the relatively low values for Geochemical Contrast for most 

elements (Table 6.9). There appears to be a general contamination of the House 1 area by 

many elements and in particular Ag, Au, Cd, Cu, Hg, Mn, Ni, Pb, Sr, Y and Zn. This is 

consistent with observations made for the reconnaissance sampling over the whole Calleva 

site.  

 

Whilst there is an overall elevation in concentration, some materials appear to be more 

elevated than others. The slumped area samples and the hearth/hearth related samples appear 

to be most enriched compared to the clay rich samples and those composed of gravel and 

CBM. This is indicated by the ratio of the elemental means of the four sample type groups. 

These ratios, the elemental Means and Geochemical Contrast are shown for selected elements 

in Table 6.9. 

 

Table 6.9 Calleva House 1 MMI Means and Geochemical Contrast values for selected 

elements. Clay rich group contains CAH7, 10, 11, 12, 13, 14: Gravel-CBM group contains 

CAH2, 3, 8, 9: Slump group contains CAH1, 4: Hearth group contains CAH5, 6. 

 

 

 

Ag Au Cd Ce Co Cu Ga Gd Hg La Mg Mn Mo Nd Ni Pb Sm Sr Y Yb Zn

MEAN 87 9.4 37 28 22 6785 2.9 6 2.5 5.4 24 16275 5.8 17 980 181 4.6 2375 23 1.1 1439

GEOCH. CONT. 

4QM/1QM 1.9 2.3 3 3.3 2.9 2.4 2.5 2.2 4 2.9 3 2.1 4.4 3.4 5.5 4.5 2.7 2.6 5.7 4 3

MEANS

Clay rich  76 10 34 39 29 6145 3.3 7.5 3 6.8 28 18267 6.2 21 986 157 5.7 2472 28 1.1 1133

Gravel-CBM 65 5.5 16 6.6 8 3545 1.4 1.8 1.6 2.3 8.3 6613 2.5 4.8 216 95 1.5 1383 7 0.5 955

Slump 155 16 61 42 28 13305 4.5 9.5 2.5 8.5 30 28250 11 29 1460 185 7.5 3125 37 2 1940

Hearth 102 7.1 60 24 21 8665 3 6.5 3.5 4.5 36 17650 6.5 15 2012 420 4.5 3320 27 1.3 2825

MEAN RATIOS

Hrth/Grvl-CBM 1.6 1.3 4 3.4 2.6 2.4 2.2 3.7 2.8 2 4.3 2.7 2.6 3.1 9.3 4.4 3 2.4 2.4 2.5 3

Slmp/Grvl-CBM 2.4 3 4 6.3 3.5 3.6 3.3 5.4 2 3.8 3.6 4.3 4.2 6.1 6.8 2 5 2.3 2.3 4 2

Hrth/Clay 1.4 0.7 2 0.6 0.7 1.4 0.9 0.9 1.2 0.7 1.3 1 1.1 0.7 2 2.7 0.8 1.3 1 1.2 2.5

Slmp/Clay 2 1.6 2 1.1 1 2.2 1.3 1.3 0.8 1.2 1.1 1.6 1.7 1.4 1.5 1.2 1.3 1.3 1.3 1.9 1.7
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Table 6.9 shows that there are elevated concentrations of Ag, Au, Cd, Cu, Hg, Mn, Mo, Ni, 

Pb, and Zn in either or both of the Slumped and Hearth/Hearth Related groups. One-way 

ANOVA testing of this suite of elements confirms the positively anomalous concentration of 

Ag, Au, Cd, Cu, Mn and Zn in one or both of the Slumped and Hearth/Hearth Related groups 

and  is indicative of the metal processing known to have been carried out in this area (Cook et 

al., 2005). It is interesting to note that elemental mean ratios of both of these groups 

compared with the Gravel/CBM group are very high for the REEs and may be indicative of 

the presence of furnace slag or other metal processing by products as was noted for particular 

sites during the course of the Calleva reconnaissance MMI work. The enhanced value of most 

of these elements is partially explicable by the nature of the materials in the various sample 

groups. The Gravel/CBM material consists predominantly of flint fragments (Gravel) and 

refractory brick/ceramic (CBM) both of which have little capacity to adsorb the ionic 

elemental species extractable by MMI whereas the Slumped and Hearth/Hearth Related 

groups contain finer and more adsorbent materials. This feature is further demonstrated by 

the increased concentration of the elements in the (highly adsorbent) Clay group over that in 

the Gravel/CBM group. The Clay group samples contain lower concentrations of the 

elements of interest because they lack the substantive direct input from the metal-processing 

sites, containing only the products of dispersal (largely resultant of human traffic). 

 

The associations between the elements have been examined by constructing a Pearson 

Correlation Matrix using the log10 transformed MMI data. Whilst the resultant correlations 

are based upon only 14 samples, interesting associations were observed. The edited 

correlation matrix (showing only data for elements of interest) is shown in Table 6.10. There 

is a strong correlation between Ag, Cd and Cu. Copper also correlates strongly with Mn and 

moderately strongly with Mo and Ni. Cadmium also correlates very strongly with Ni and 

strongly with Pb and Zn. Lead shows a very strong association with Zn, and a strong 

correlation with Cd and Ni. Gold does not show significant correlations with other elements. 

These results  support the observations and conclusions of Cook et al. (2005) and Cook et al. 

(2010) which indicate that the processing of Ag, (Au) and Cu (with their geochemically 

coherent associates Cd, Hg, Mo, Mn, Ni and Zn) was carried out in and around House 1 

during the Roman Period. The lack of association of Pb with Ag or Au or other elements 

(except its geochemical associate Sb) is indicative that there was probably no cupellation of 
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Pb, for the extraction of Ag, carried out on this site in association with the other metal 

processing works. 

Table 6.10 Pearson r correlation coefficients based on log10 transformed concentrations for 

selected elements for MMI analyses of samples from House 1 at Calleva. 

  

Ag Au Cd Cu Hg Mn Mo Ni Pb Zn

Ag 1.00

Au 0.47 1.00

Cd 0.80 0.36 1.00

Cu 0.87 0.40 0.90 1.00

Hg 0.29 0.42 0.65 0.53 1.00

Mn 0.65 0.60 0.79 0.86 0.63 1.00

Mo 0.57 0.51 0.41 0.71 0.43 0.91 1.00

Ni 0.60 0.34 0.93 0.76 0.84 0.72 0.35 1.00

Pb 0.47 -0.02 0.81 0.55 0.62 0.42 -0.04 0.88 1.00

Zn 0.62 0.11 0.88 0.67 0.53 0.50 0.06 0.87 0.90 1.00

Very strong correlation

Strong correlation

Moderately strong correlation

 

To examine the location of the areas of significant metal enrichment, individual element plots 

were made on the plan of the excavated buildings as shown in Cook et al. (2005). Plots of 

Ag, Au, Cu, Zn, Cd, Hg, Mo, Mn, Ni, Pb, Sb and Sr are shown in Figure 6.35. It is clear from 

these plots that hotspots for all the elements (except Au) occur around samples CAH01 and 

CAH06 at the northern margin of House 1. There are two other significant hotspots in the 

southwest of the building. One is around CAH04 which is strongly anomalous in Ag, Au, Cu, 

Cd, Cd, Mo, Ni and Mn, the second is centred on CAH10 which is enriched in Ag, Au, Cu, 

Cd, Hg, Mo, Ni, Mn, Pb, Sb and Sr. A number of other samples in this section of House 1 are 

elevated in some elements (e.g. CAH11 is elevated in Hg, Mo, Ni, Pb and Sr) and it appears 

that this area was one of the active areas of metal-processing. Zinc is present in substantially 

elevated concentrations only in the multi-element anomalous samples CAH01 and CAH06. 

Samples CAH01 (Slump group) and CAH06 (Hearth group) are very close together and the 

signatures provided by these two samples are corroborative of the finding of Cook et.al. 

(2005) that this was the site of Hearth 3681, ‘a feature…0.94 m in diameter with a shallow 

depth of 0.05 m and a flat base. It was oriented north-east/south-west and produced within it 

an ash layer which contained numerous iron nails and some iron-smithing slags.” It is notable 
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that the MMI Fe concentration of these two samples (CAH01 - 18 ppm; CAH06 - 14 ppm) 

was close to the mean value of 14 ppm. It was believed by Cook et al. (2005, pp 808-809) 

that this site was used for the working of Cu alloys (probably brass) as well as iron-working. 

 
 

  

Figure 6.35a. Spatial distribution plots for MMI Ag, Au, Cu, and Zn in samples from House 

1.  
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Figure 6.35b. Spatial distribution plots for MMI Cd, Hg, Mo, and Mn in samples from House 

1.  
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Figure 6.35c. Spatial distribution plots for MMI-extractable Ni, Pb, Sb and Sr in samples 

from House 1 at Calleva. The data are plotted on the local Calleva grid co-ordinates, which is 

integrated with the British National Grid. 
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To further demonstrate the geochemical differences between the material directly 

representative of metal processing and that of background, the log10 multi-element data from 

the background gravel/CBM sample CAH02 was subtracted from the log10 multi-element 

data for the material representative of the metal-working Hearth 3681. The log10 difference 

for each element was plotted as a profile and is shown in Figure 6.36.  

 

 

Figure 6.36 Multi-element profile for Calleva MMI House 1 sample CAH06 (Hearth) – 

CAH02 (Gravel) obtained by subtracting the log10 elemental value of the local background 

sample (CAH02) from the log10 elemental value of the representative Hearth sample 

(CAH06). All elemental values were in ppb. Elements which have a greater concentration in 

CAH2 than in CAH6 (Au, Cs, P and Ti) are depicted in red. 

 

The results reveal that the Hearth material is extremely enriched in the REEs (with some 

elements – Ce, Dy, Er, Gd, La, Nd, Sm as well as Y showing greater than a tenfold 

enrichment compared to the background) as well as Co, Ni and Th. The Hearth sample also 

shows enrichment of >3× for Ba, Cd, Mn, Pb and Zn and > 2.5× for Cu, Hg, Mo, Sb, U and 

Sr. It is noteworthy that there is no great enrichment in Ag or Au in the Hearth sample, but 

this is explained by the fact that both CAH02 and CAH06 contain elevated concentrations of 

both elements. There is also no enrichment of Fe in the Hearth sample samples (CAH01 - 18 

ppm; Mean14 ppm)  even though this site was noted as being one at which iron working was 

undertaken. A further point of interest is the relative depletion of P in the Hearth sample. This 

is consistent with the negative Pearson correlation coefficients for P with all the metals of 

interest observable in Table 6.10. Phosphorus is an element commonly associated with 
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human activities (Middleton et al., 2005, Oonk et al., 2009) and particularly in cleaner areas 

(Cook et al., 2014). Samples CAH02, 03, 09 and 13 are all elevated in P, and contain 

generally lower concentrations of metals and REEs, and may be indicative of areas of 

House 1 where there was little or no metal-working activity undertaken. The elevated Sr 

values found in many of the House 1 samples could be derived from two possible sources. 

One could be from ash associated with the cupellation process, the other with crushed 

mollusc shells used in the floors of some rooms as suggested by Cook et al. (2005) and Cook 

et al (2014). 

6.8.4 XRF and Acid Digest Results 

 

The initial geochemical investigation of metal-processing activities by Cook et al. (2005) 

concentrated on Hearth 3681and the area around the northern margins of House 1. The 

subsequent work (Cook et al., 2010) investigated hearth sites in the north (Hearth 1433) and  

south-western parts of House 1 (Hearth 4407) as well as a four hearth/furnace sites in the 

South-East Buildings located 20-30 m south-east of what were designated the Northern  

Buildings (Early Roman Timber Buildings ERTB1, ERTB2 and ERTB3 which include 

House 1).  

 

The House 1 samples were surface soils taken on a 1 m grid over 500 m
2
. Samples were 

analysed for Cu, Pb and Zn using XRF. Samples containing high concentrations of these 

elements were subjected to hydrofluoric/perchloric acid digestion. The digests were analysed 

for Ag, Au and Sn by ICP/MS. The hearth/furnace samples collected during the second 

survey were analysed for Cu, Pb and Zn by XRF. Results were compared with background 

values obtained from samples of the local lithologies and were reported as multiples of 

background for each element. 

 

Whilst results from both surveys established the enrichment of Cu, Pb and Zn at all hearths 

and enrichment in Ag, Au and Sn at some locations within House 1, it was only possible to 

make a comparison between the XRF/Acid digest and MMI results at two sites. These 

comparisons were for only a very limited number of elements because of the limited data sets 

collected during the 2005 and 2010 surveys. They were also limited by the relatively high 

LLD constraints of the XRF method. Comparisons were possible in the northern end of 

House 1 at the site Hearth 3681 and in the south-west of House 1 at Hearth 4407. The two 
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appropriate MMI samples were CAH5 and CAH6. The comparable XRF/Acid Digest were 

samples from Hearths 4407 and 3681 respectively, the data for which was taken from Cook et 

al. (2005) and Cook et al. (2010) respectively. Results are shown in Table 6.11. 

 

Table 6.11 Comparison between MMI and XRF/Acid Digest analytical data for comparable 

context samples.  

  Concentrations in mg/kg 

Analysis type Sample Ag Au Cu Pb Sn Zn 

MMI CAH06 0.126 0.0067 11.4 0.72 0.001 4.24 

XRF/Acid digest Hearth 3681 Sample 52 2.54 3.41 110 215 90 178 

   Hearth 1433 located  
13mE, 2mN of CAH6 

– – 66 67 – 134 

MMI CAH05 0.078 0.0075 5.93 0.12 0.5 1.41 

XRF Hearth 4407 – – 27 30 – 66 

 Silchester background 
Cook et al. (2010) 

– – 10 26 – 32 

MMI SLB Mean – – 0.61 1.18 – 2.86 

MMI GEMAS 1QM – – 0.75 0.15 – 0.46 

MMI GEMAS Mean – – 3.11 1.91 – 1.62 

Geochemical contrast        

MMI CAH06 (vs. SLB mean) 18.6 0.6 – 1.5 

MMI CAH06 (vs. GEMAS 1QM) 15.2 4.8 – 9.2 

MMI CAH06 (vs. GEMAS Mean) 3.7 0.4 – 2.6 

XRF Hearth 3681   11.0 8.3 – 5.6 

XRF Hearth 1433   2.7 1.2 – 2.1 

MMI CAH05 (vs. SLB mean) 9.7 0.1 – 0.5 

MMI CAH05 (vs. GEMAS 1QM) 7.9 0.8 – 3.1 

MMI CAH05 (vs. GEMAS Mean) 1.9 0.1 – 0.9 

XRF/Acid digest Hearth 4407   2.7 1.2 – 2.1 

 

 

Whilst direct numerical comparison between the two data sets is not possible, comparisons 

are obtainable by looking at the elemental Geochemical Contrast between the sample and 

background. The elemental background concentrations for the XRF/Acid Digest results 

(taken as the elemental mean of soil samples taken from local lithologies) were taken from 

Cook et al. (2010). MMI background concentrations required consideration, as it was found 

(see discussion of this issue under the Reconnaissance section of this chapter) that some 

elements (particularly Pb in this case) were found to be enriched in the local Silchester 

background samples collected. It was finally decided to use the SE England MMI 1QM data 

as most appropriate for this comparative work, as these were also used above in the 
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Reconnaissance MMI work. The Silchester Background, GEMAS 1QM and GEMAS Mean 

data were used to calculate the Geochemical Contrast ratios shown in Table 6.11. 

 

The Geochemical Contrast results for MMI and total analysis show that, in both cases, MMI 

shows a substantially higher contrast for Cu and Zn but a substantially lower contrast for Pb. 

The higher contrast for Cu and Zn is not unexpected, as this was also found in direct 

comparison at St Algar’s Farm (see Chapter 4). The low Pb contrast may reflect the generally 

lower concentrations of Pb found in the MMI samples compared with Cu and Zn  

 

6.8.5 Summary 

 

The Calleva reconnaissance MMI survey has confirmed the widespread pollution of the 

Calleva Roman town site by a wide range of elements, particularly Ag and Au and including 

Cu, Pb, Zn and many Incompatible Elements, believed to be possibly reflective of the 

extensive multi-element meta-processing carried out by the Romans and possibly by the Pre-

Roman inhabitants. 

MMI soil geochemical signatures believed to be indicative of the presence of slag, derived 

during the smelting and refining of metals, have been identified. These signatures have been 

characterized and used to define the nature of the metal processing carried out at a particular 

site. These characterizations are not clear cut as it is believed that more than one type of 

metal- processing was carried out at some sites, either contiguously or sequentially over time. 

Elemental distribution plots have revealed the presence of an area of multi-elemental 

depletion associated with the Forum basilica excavation site. The use of DOGS correlation 

and multi-element difference plots indicated that this feature was possibly generated because 

the soil in this area is different from that over the rest of the site. These findings have 

demonstrated that the use of the DOGS technique on multi-element data sets can provide a 

valuable mechanism for differentiating different soil types, even if they cannot be 

distinguished visually. The results also appear to provide further evidence on the time frame 

in which detectable soil geochemical signatures form. 

 

The House 1 MMI data reveal generally elevated concentrations for a number of metallic 

elements with much higher values being found to be associated with known metallurgical 

hearth/furnace sites. Extremely elevated concentrations of REE (and Y) have also been found 
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in samples associated with the metal processing sites and are believed to be derived from 

residual slag or other furnace products. It is believed that much of the elevation in 

concentration of elements in samples not known to be associated with hearth/furnace sites 

results from the general spread of fine detritus from these sites throughout House 1, as was  

suggested by the finding of a tiny gold globule (furnace spatter) in a floor detritus sample 

(Clarke and Fulford, 2002). The enriched concentration of P and concomitant lower 

concentrations of metals in some samples is supportive of the view (Cook et al., 2014) that 

some rooms in House 1 were kept as clean rooms for domestic purposes. This could be an 

important finding as it is the first time that a ligand-based partial extraction such as MMI has 

been shown to be valuable in identifying a domestic archaeological context. 

 

The MMI results compare favourably with the XRF and Acid Digest results from previous 

surveys, in that both data sets clearly identify metal processing sites and by-products thereof. 

The MMI results provide data for a much wider range of elements than was possible for the 

XRF assays, and at a much more detailed scale than was possible for the acid digestion (the 

dilution effect of unwanted dissolved mineral components in the acid digests likely masks 

anthropogenic features). Whilst only two direct comparisons were possible between the MMI 

and XRF methods, the (very limited) results (only 3 elements) indicated that Geochemical 

Contrast was greater for MMI Cu and Zn and was greater for XRF/acid digest Pb. 

 

6.9 Conclusions 

The MMI investigations at Calleva have confirmed the value of a ligand-based partial 

extraction geochemical technique in archaeological investigation.  

 

The soil sampling and analysis conducted in this work confirmed and enhanced the previous 

more classical geochemical investigations of the site. Knowledge of the range and degree of 

metal pollution of the Calleva town site has been expanded, and potential sites of metal-

processing activities have been located and await further more detailed investigation. 

 

The application of the Degree of Geochemical Similarity (DOGS) technique, combined with 

the use of multi-element difference plots, has provided substantive support for the multi-

elemental geochemical observations. These techniques have also enabled the differentiation 

of physically similar soils into geochemically different soil types and assisted in the provision 
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of useful observations on the time frame for development of multi-element soil geochemical 

signatures. 

  

The House 1 investigation provided not only confirmation of the work previously carried out 

on metal-processing sites, but expanded the compass of applicability of MMI geochemistry. 

The nature of the material that was analysed using the MMI process was different from that 

analysed in the wider Calleva survey (floor and hearth surface deposits, compared with soil 

samples taken from a depth of about 15 cm in the B soil horizon), but the results are 

comparable, showing a broad enrichment of a number of metallic elements and commonly 

strong enrichment of REEs. These results show clearly that a ligand-based partial extraction 

technique such as MMI is applicable not only in the soil profile environment, but in samples 

where elements can be extracted from absorbent particles (clay, dust fine weathered debris) 

and even artefacts transported to the site by mechanical means (wind, human traffic). This is 

a new application for MMI geochemistry. 
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7. EASTER TOMBREK 

7.1 Introduction 

Easter Tombrek is located at 56.51
o
 north latitude -4.19

o
 longitude, UTM grid reference 30V 

427032E 6263459N at an altitude of 176m. It is 4.5km SSE of Ben Lawers (1214m), adjacent 

to north shore of Loch Tay in the Southern Scottish Highlands. Access to the site is by foot 

from Tombrek Farm about 0.5 km across pasture, downhill towards Loch Tay. The location 

of Easter Tombrek is shown in Figure 7.1. 

 

Early records indicate that the area north of Loch Tay lay in the barony of ‘Glendoright’ and 

was under the control of the Earls of Fife in the early 14
th

 century (Gillies, 1938). Much of 

this land came under the control of the Campbell family in the late 15
th

 century and by the 

mid-18
th

 century it was well populated, ‘The north side of Loch Tay is very populous; for in 

sixteen square miles are seventeen hundred and eighty six souls’ (Pennant, 1769). One of the 

earliest records of Tombrek were registration of the granting of ‘tacks’ (a small parcel of 

land) there in 1628 and 1632 (Harrison, 2003). In 1769 Tombrek had a recorded population 

of 47 (Pennant, 1769). At the time of John Farquharson’s 1769 Survey of the North Side of 

Loch Tay (National Archive of Scotland, RHP 973/1, Plan 9) Easter Tombrek was listed as 

having 12 buildings, 7 of which are still currently visible (in various states of ruin). One 

building that has disappeared since the time of that survey is the Revival area structure, of 

which no surface trace remains (see Figure 7.2). By the early 19
th

 century economic 

circumstances had begun to change. Arable farmlands were expanded with small landholders 

and the poor forced to become occasional labourers on the larger farms (Harrison, 2003, p 

78). These actions resulted in a considerable fall in the local population, which by 1901 had 

been reduced to about one third of that in 1841 (Harrison 2003, p 79). The first Ordinance 

Survey (OS) map (Perthshire 1867) showed one roofed and two unroofed buildings at Easter 

Tombrek and by the time of the second edition of the map in 1900, all three buildings were 

depicted as unroofed. Decrepitation continued and on the 1981 OS plan only one unroofed 

building and two enclosures remained. The settlement had been abandoned. 

 

Currently, the north Tayside area is sparsely populated with the area primarily devoted to 

sheep grazing. At Tombrek on the A827, there remains only a farmstead and a farm shop that 

are occupied. 
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Figure 7.1 Easter Tombrek location maps. Upper map from Google Earth. Lower map after 

(Atkinson et al., 2005). 
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Figure 7.2 Easter Tombrek site showing sample locations. UTM co-ordinates are Zone 30V 

(Image from Google Earth). 

 

The soil at the site has been mapped as humus-iron podzol (Macaulay Institute for Soil 

Research, 1981). These soils are classified as forming on undulating lowlands and hills with 

strong and steep slopes. They are non-rocky and have been derived from the underlying 

arenaceous schists, strongly metamorphosed argillaceous schists (meta-psammites and meta-

pellites) and gneiss of ‘granitoid’ appearance (outcropping on the site) of the Dalradian Series 

southern Highland Group which are of Precambrian to Early Cambrian age (about 540 M.Y.) 

Revival  area 
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Pasture 

Byre 

Garden 

Lime Kiln 
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(British Geological Survey, 2016). The fertility of the soils varies depending on the location 

below the watershed (Atkinson et al., 2005). The better quality loams of the lower terraces 

and slopes (where sampling was undertaken) are substantially richer and gave rise to the 

cultivation of oats, barley beans, peas, and potatoes in the past (Morrison, 1985). 

 

The Easter Tombrek ruins are situated in a pasture field about 0.5 km south-east of the 

Tombrek farmstead and consist of 7 building ruins, 2 enclosures and a limekiln. An area of 

previous settlement (shown on Farquharson’s 1769 plan, but now containing no observable 

ruins), now referred to as the Revival area is located about 80 m north of the Easter Tombrek 

ruins. These features are shown in Figure 7.2. 

 

Three building ruins at Easter Tombrek are in a better state of preservation than the others 

and may be of a later date (Atkinson et al., 2005). The largest (the House and Byre) is 23 m 

long, 4.2 m wide with (lime mortared) walls up to 1.7 m high at the sides and 3 m at the west 

gable. It extends in a WSW-ENE direction and is divided by a stone partition into a larger 

(House) compartment in the WSW and the Byre in the ENE. The House contained a raised 

stone hearth, about 1 m × 0.8 m in size which showed signs of heating, although no charcoal 

or ash deposits were present in 2006 (Wilson et al., 2009). The second building, situated 

about 10 m to the ESE of the main building, is 11 m long by 4.2m wide and extends in a NW-

SE direction. The SE wall has been robbed out but the others are up to 1.7m in height. The 

third building is located about 25m SE of the second and has a similar orientation and is set 

into a grassy knoll. It is in poor condition. 

 

The Garden is a walled rectangular structure enclosed on three sides (open to the SW) It 

measures about 19 m × 16m. The soil contains charcoal, glazed pottery and bone fragments 

indicative of intensive past manuring (Wilson et al., 2009). 

 

 

7.2 Site description 

 

Photographs of the site are shown in Figures 7.3, 7.4, 7.5 and 7.6. 
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Figure 7.3 Easter Tombrek. Above: General view of the building ruins. House in the centre-

right background. Garden wall in the foreground of the House with Building 3 on the grassy 

knoll in the left of the picture. Below: Ruins of the House in the background and garden wall 

in the foreground. 
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Figure 7.4 Easter Tombrek. Above: Sampling the soil (TOM2) above the hearth in the House. 

Below: Sampling in the Byre. 
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Figure 7.5 Easter Tombrek. Above: Sampling within the Garden walls. The House and Byre 

are in the background. Below: Pasture sampling. Flagged canes mark the sampling site. The 

House and Garden wall ruins are background left. The Revival area is centre background on 

the slope below the white buildings. 
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Figure 7.6 Easter Tombrek. Sampling of the Revival area. View south over Loch Tay. Note 

the clumps of rushes which appear grey-brown on the Google Earth image in Figure 7.2. 

 

7.3 Previous work 

7.3.1 Initial archaeological investigations 

 

Atkinson et al. (2005) succinctly reviewed the earlier archaeological investigations carried in 

the Tayside region before commencement of the final season of the GUARD Ben Lawers 

Project, which included work at Easter Tombrek. The following extract is from their review. 

“This survey revealed a wealth of evidence for the past occupation of the area, 

including many previously unrecorded sites, among them a chambered cairn at 

Kiltyrie, two remarkable survivals in the form of ring-ditch houses upstanding as 

earthworks in former plantation areas and numerous examples of cup and ring 

marked stones (Hale, 2003). 

 

Of major importance to the Ben Lawers Project, however, was the identification and 

recording of substantial numbers of Medieval or Later Rural Settlement (MoLRS) sites within 
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the lowland arable zone and of transhumance sites in the uplands on the north side of the 

loch. The vast majority of these sites date from the post-Medieval period. 

This body of archaeological work is further supported by a well-documented historical 

resource in the form of the Breadalbane Monuments and, in cartographic terms, by the 

results of a detailed survey of the lands on the north side of Loch Tay by John Farquharson 

in 1769. Much of this resource has recently been assessed as part of the RCAHMS work 

(Harrison, 2003).” 

 

7.3.2 Recent archaeological investigations 
 

In 2004, trenching of the House and Byre areas was carried out as part of the Ben Lawers 

Historic Landscape Project. The House exhibited traces of domestic occupation including an 

earthen floor, central hearth and adjacent ‘smooring’ pit (Old Scottish - a fire smothering pit) 

filled with burnt material and covered by a circular stone with a central hole (Atkinson, 

2004). 

 

The fourth and final excavation season of the Ben Lawers Historic Landscape Project was 

undertaken in June 2005. The work focused on a range of turf structures at Kiltyrie and the 

relict township of Easter Tombrek within the former infields of Tombrek on the north side of 

Loch Tay (Atkinson et al., 2005). 

 

Extensive shovel test pitting was carried out over the Easter Tombrek site, but the most 

important work carried out was the excavation of a trench (T30) situated on the north-east 

corner of the Garden wall. The location of trench T30 is shown in Figure 7.7. The trench 

revealed an open ended walled structure with no entrances visible within any of the walls. 

Fragments of slag and industrial waste material such as furnace lining were recovered from 

the trench and it is possible that the structure was used for industrial activity, such as 

smithing. Such activity would have generated large amounts of heat, thus making an open 

ended structure, which backed into the prevailing wind a more practical option. Atkinson et 

al., (2005, p 24) suggest that the activity carried out here took place over a short space of time 

and was not on a large scale. The remains found within Trench 30 may relate to small 

industrial scale activity for the use of the township of Easter Tombrek. 

 



241 

 

    
Figure 7.7 Location of trench T30, which was excavated in 2005 as part of the Ben Lawers 

Historic Landscape Project. 

 

 

7.3.3 Geochemical 

 

Multi-element soil geochemical investigation of historic rural settlement sites in the Outer 

Hebrides and Scotland (Entwistle et al., 1998, Entwistle et al., 2000) were followed by 

similar studies across the UK, including the North Tayside site of Balnreich, situated about 

1.5 km NW of Easter Tombrek (Wilson et al., 2006, Wilson et al., 2005, Wilson et al., 2008). 

The multi-element soil geochemistry results from Balnreich were then compared with 

equivalent strong acid digest data from Easter Tombrek and an attempt was made to define 

characteristic elemental suite associations with specific Functional Areas. All of these studies 

showed there was enhancement of Ba, Ca, Cu, P, Pb, Sr and Zn concentrations which 

correlated closely with archaeological features. 
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In addition, a multi-element soil geochemical partial extraction study was carried out on an 

abandoned croft at Sutherland in NE Scotland to compare the partial extraction results with 

those obtained using acid digestion (Wilson et al., 2006). 

 

In a preliminary attempt to locate the, now non-existent, Tombrek settlement documented on 

the Farquharson 1769 map, a  reconnaissance  soil geochemical survey was carried out in 

2014 (Clare Wilson, pers. comm.). The data are unpublished. The survey covered most of the 

area covered by the Revival area MMI survey. The results of this work were used to plan a 

more extensive soil geochemical survey which was carried out by Fleming (2015). Results of 

this work were inconclusive, although the elements Ca, Cu, Pb and P were considered to be 

of some value in defining potential anthropogenic activity.    

 

The aim of the work was to investigate the use Mobile Metal Ion (MMI) soil geochemistry in 

a rural environment and compare the results obtained with the previously conducted acid 

digest soil geochemical investigations to determine if a ligand-based partial extraction such as 

MMI represents a useful technique at this site. The MMI programme at Easter Tombrek and 

Tombrek was designed to build upon the results of the geochemical soil surveys previously 

carried out over these areas. 

7.3. Geophysical 

 

Limited magnetic gradiometry surveys have been carried out along Loch Tay to find 

evidence of abandoned settlements, but with little success (Clare Wilson, pers. comm.). The 

failure to detect settlements is due to the magnetically noisy background produced by the 

mixed glacial till drift substrate and the fact that most of the buildings in these settlements 

were constructed of locally cut turf, sometimes with stone footing which was usually 

removed for re-use elsewhere (walls and flooring) upon abandonment (Entwistle et al., 2000). 

Any remaining structures would be unlikely to produce a significant magnetic response.  

 

7.4 Methodology 

7.4.1 Sampling 

 

A geochemical soil sampling programme was undertaken on the Easter Tombrek area on 22 

May, 2014.  
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The objectives of the proposed research were outlined in detail in Chapter 1. 

Sampling was undertaken using a predetermined grid of sample locations to achieve as 

complete coverage of the site area as was feasible within the limitations of the budget. The 

predetermined sample sites were located using a Garmin GPS 72 GPS unit. Site co-ordinates 

and elevations were recorded. A total of 27 samples were taken from five different contexts; 

the house ruins, the byre ruins, the garden, the pasture (considered likely to be representative 

of local background) at Easter Tombrek and the revival area about 200m north where the 

now, non-existent 18
th

 century Tombrek house was thought to be located. 

Sampling was undertaken according to the protocol outlined in Chapter 4. 

 

Actual sample locations are shown in Figure 7.8. Details of sample numbers, UTM grid co-

ordinates and sample descriptions are shown in Appendix 7.1. 

 

7.5 MMI Analysis and results 

 

Samples were packed and shipped by air freight to the laboratories of SGS in Perth Western 

Australia where they were analysed using the MMI-ME method as described in Chapter 1.  

 

The concentrations of 55 elements were measured. Details of the elements measured, the 

lower and upper limits of detection for each element are shown with the analyses in 

Appendix 7.2. All elements measured displayed concentrations below the Upper Limit of 

Detection. 
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Figure 7.8 Easter Tombrek MMI sample sites and numbers. Samples TOM1-5 were located 

in the House, samples TOM6-9 were located in the Byre, samples 10-12 were located in the 

Garden, samples TOM13-15 were located in the Pasture and samples TOR1-12 were located 

in the Revival Area. The Revival Area encompasses the location where a settlement (now 

completely disappeared) was documented by Farquharson on his 1769 map (see Figure 7.9). 

 

TOM 01-09: 
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Figure 7.9 The original Farquarhson map published in 1769, with the settlements at Tombrek 

(Revival area) and Easter Tombrek highlighted. Map after Fleming (2015). 

 

7.6 MMI Data analysis 

7.6.1 Regional geochemical background and elements present in anomalous 

concentration 

 

The Easter Tombrek log10 elemental means were compared with those for the GEMAS S.E. 

England and Scotland data sets. A multi-element plot of the comparisons is shown in Figure 

7.10. As expected, the Easter Tombrek data show a much closer affinity with the Scottish 

data than that for S.E. England. The major reason for this is that the Scottish GEMAS data set 

is heavily populated with a mix of granitic and metamorphosed psammite and pelite (now 

schists) derived soils (the bedrock at Easter Tombrek is schist), whereas the S.E. England 

data set is largely comprised of soils derived from sediments. The data show that As, Ce, Cs, 

Fe, Ga, Gd, Hg, La, Li, P, Pr, Sc, Sm, Sn, Tb, Th, Ti, Tl and Y are present in higher 

Tombrek settlement -

contains the Revival 

area 

 Easter Tombrek 

settlement 

 



246 

 

concentrations at Easter Tombrek than in either of the GEMAS data sets. It is notable that 

many of these elements are REE or ‘REE-like’.  

 

Figure 7.10 Comparison of MMI log10 multi-element means from the Easter Tombrek 

samples with the GEMAS S.E. England and Scotland MMI means. 

 

 

The Scottish GEMAS MMI database was examined to determine if any of the samples which 

came from a similar geological setting and are relatively near to Easter Tombrek displayed a 

geochemical profile closer to Easter Tombrek than the mean of all the Scottish samples. The 

geographically closest sample was GEMAS 3852, located 32 km north-east of Easter 

Tombrek in schist (meta-pellite, arenite provenance) derived soil from the same geological 

Group. When the Scottish GEMAS elemental means were compared with those from Easter 

Tombrek using the DOGS correlation method (Mann et al., 2016), described in detail in 

Chapter 4, the closest individual sample geochemical fit was with GEMAS 3159 (mean 

r=0.955), a sample of soil derived from the Greenock Granite and located about 60 km SW of 

Easter Tombrek. DOGS comparisons of Easter Tombrek samples with GEMAS sample 3852 

retuned a mean r value of 0.934. Examination of the log10 multi-element plot of the means of 

the Easter Tombrek, total Scottish data and those from sample 3159 (Figure 7.11) showed 

that for the majority of elements there was better correspondence between the Easter 

Tombrek data and those from the total Scottish GEMAS means (r=0.962).  The total Scottish 

GEMAS mean was derived from 15 samples spread throughout Scotland and taken from 

agricultural soils on a wide variety of geological substrates and which probably reflect a 

content of mixed glacial till. The mean concentration of elements for this suite therefore 

reflects the mixing of geological inputs. The observation of close correlation between the 
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Scottish mean and the Easter Tombrek mean may be indicative of a mix of soil parent 

materials at Easter Tombrek, a plausible conjecture when the topographic nature of the Easter 

Tombrek site is considered. At the individual context/Functional Area scale it will be shown 

later that distinct differences in soil geochemistry do occur at Easter Tombrek but, as a means 

of determining overall site background, the better comparison is between the Easter Tombrek 

means and the total Scottish means. It was therefore decided to use the GEMAS all Scotland 

means as the reference. Figure 7.12 is a plot of the contrast ratio of Easter Tombrek means to 

the GEMAS means for selected elements. 

 

Figure 7.11 Comparison of MMI log10 multi-element means from the Easter Tombrek 

samples with the GEMAS sample 3159 and All Scotland MMI means. 

 

 

Figure 7.12 Multi-element MMI data for Easter Tombrek sample elemental means and 

GEMAS Scotland MMI elemental means and elemental contrast ratios for selected elements. 

Ratios greater than 3.7× (equivalent to 0.5× log ratio units) are shaded red. 
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To elucidate the relationship between the Easter Tombrek and GEMAS Scotland data sets the 

Easter Tombrek elemental means for selected elements were compared with those from the 

GEMAS Scotland data set (Table 7.1). The differences are highlighted by values of the ratio 

of the Easter Tombrek data to the Scottish data. Strong positive contrast was displayed by Li 

(8.4×), Ti (6.5×), Sn (4.3×), Ga (4.1×), Ce (3.8×) and moderately strong positive contrast by 

Th (3.0×), Hg (2.7×), Nb (2.5×) and As (2.2×). Some elements show relative depletion at 

Easter Tombrek compared with the GEMAS Scotland data. These include Sr, which 

demonstrates a GEMAS/Easter Tombrek contrast of 7.0× as well as Ca (3.9×) and Mn (3.2×). 

 

 

Table 7.1 Multi-element MMI data for Easter Tombrek sample elemental means and GEMAS 

Scotland MMI elemental means and elemental contrast ratios (Easter Tombrek/Scottish 

GEMAS) for selected elements. Ratios greater than 2× are shaded green. Ratios greater than 

3.5× are shaded red. 

 

 

7.6.2 The Easter Tombrek MMI data 

 

The Easter Tombrek elemental data were evaluated to ascertain which elements were present 

in elevated concentration and those which displayed significant geochemical contrast, which 

was previously defined (Chapter 4) as being the ratio of the 4
th

 Quartile mean to the 1
st
 

Quartile Mean (background) for each element. Data for selected elements which display these 

characteristics are presented in Table 7.2. The table contains data from the site as a whole and 

also from the individual contexts to highlight the geochemical similarities and differences 

between the contexts. 

 

For the site as a whole, very strong geochemical contrast (≥ 5×) is displayed by Zn, Pb, Ce, 

Sr and Au. The elements Cr, U, La, K, Cu, Nd, Mo, Ti and Mn all display a geochemical 
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contrast greater than 3×. Elements which display anomalous concentrations in one or more 

contexts include P, Sn and Th. 

 

Table 7.2 Multi-element MMI data for selected elements for samples from Easter Tombrek as 

a whole and for individual contexts within the Easter Tombrek site. Elements which display 

geochemical contrast of >5×- are shaded bold dark grey and those with geochemical contrast 

>3× are shaded light grey. H-TOM1 is an anomalous sample which is relatively depleted in 

all elements other than Ca and Sr. 

 

 

A comparison of Easter Tombrek pasture means (considered to be representative of local 

background) with Scottish GEMAS means for selected elements is shown in Table 7.3. The 

contrast ratios indicate strong enrichment of Li and Ti and strong depletion in concentrations 

of Ca, Mn, and Sr in the Pasture. These contrast figures highlight the elemental differences 

between Regional geochemical background, as represented by the Scottish GEMAS means 

and the Local background, as displayed by the Easter Tombrek Pasture means. 

 

 

Table 7.3 Comparison of Easter Tombrek pasture means with Scottish GEMAS means for 

selected elements. Contrast ratios > 5 × are considered strong and are shaded red, contrast 

ratios between 2.5 and 5 are considered moderately strong and are coloured green. Contrast 

ratios <1 are weak. 
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Examination of the data in the context of the separate Functional Areas at the Easter Tombrek 

site (Table 7.4) reveals that for many elements (Ce, Ga, Gd, Li, Hg, La, Mn, Nb, P, Sn, Pb, 

Th, Ti, Y and Yb) there is a flattening of the distribution of concentration values at moderate 

levels. For these elements minima are higher, as reflected in the 1QM values, and the 4QM 

values are also lower (even though some may display a high maximum). This results in lower 

geochemical contrast values for a number of elements (but not all – depending on how many 

high concentration samples are present in the data set). 

 

This phenomenon is clear when the data are examined on a Functional Area basis using line 

plots of Max./Min. for these elements. Max./Min. values were used as there are insufficient 

data to use the quartile approach. These plots show that the flattening effect is present in Ba, 

Ca, Cd, Cu, Fe, Co, K, Sm, Sr, U, Zn and Zr as well as those elements noted above from 

inspection of the data tables. Examples are given in the plots for Ce, Co, Nb, Sr, Pb and Zn in 

Figure 7.13.  

 

One likely cause of the reduction of the Max./Min. geochemical contrast for so many 

elements is the diminishing content of material from the House (including the Hearth, which 

is just a special House effect) and Byre caused by dilution of soil blown in or tracked in from  

the Garden and Pasture. Originally the House had a flag stone floor and the Byre a cobbled 

floor (Wilson et al., 2009). The material sampled has been derived from the accumulation of 

dust and other detritus built up over time and results from human and animal occupation of 

these Functional Areas. This accumulation of dust/ detritus phenomenon was also 

encountered in the examination of House 1 at Calleva and was discussed in Chapter 6. At 

Easter Tombrek the elemental composition of the House floor material is different from the 

soil in the Garden and Pasture. Hence, whilst the House and Byre are discrete enclosed 

structures with stone floors, some soil and other material derived from outside will have been 

introduced into these structures and resulted in a mixing of the Garden/Pasture elemental 

suite with that characteristic of, and commonly very different from, that of the House and 

Byre. This soil from the Pasture/Garden will have lowered of the minima for many 

potentially anthropogenic elements (as they tend to be present in lower concentrations in the 

Pasture and Garden than in the House and Byer) and resulted in a larger Max./Min. spread in 

the House. Within the Byre, which was a less enclosed structure, there may have been a 

greater addition of soil by wind, human and animal traffic, which may have diluted the 
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anthropogenic signature. In addition, it is not just the materials coming into the house, but the 

movement of materials from the House and Byre. Hearth waste was often used on the floor of 

byres to absorb urine and smell (Clare Wilson, pers. comm.), and this would end up on the 

rubbish heap with the dung and other domestic waste from the house, and then be spread on 

the fields. The garden would receive more manure per square meter than the fields where 

manure might not be added annually and at lower volumes per land area. In the Garden there 

is some anthropogenic influence but in the Pasture, there is little or none even though this 

area was used for arable crops at the time of the Farquharson map (1769) (Figure 7.9), and 

would likely have received some manuring (albeit less than the Garden). The elemental 

composition of the Pasture appears to resemble the local geochemical background.  

Inspection of the analyses on a Functional Area basis in Table 7.4 reveals that Sample TOM1 

is geochemically very different from the other four samples in the House. Examination of 

multi-element concentration plots of the House samples shows that TOM1 is relatively 

depleted in all elements other than Ca and Sr (see Appendix 6.2 for full data). This sample 

was of grey-black loam sitting on granitic gneiss bedrock. It was taken about 3 m closer to 

the end wall of the House than sample TOM2, the location of which is shown in Figure 7.4. 

Because the trace element profile of sample TOM1 is so different from the other House 

samples it has been excluded from the suite of House samples in the following comparative 

studies. It is considered that the composition of sample TOM1 may have been influenced by 

contamination from lime mortar used in the construction of the House, as this sample is close 

to the one remaining relatively intact wall and it is enriched in Ca and Sr, elements 

commonly present in lime mortar. 
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Table 7.4a MMI concentration for selected elements in samples from House, Byre, Garden 

and Pasture at Easter Tombrek. Maximum concentration for an element is shaded dark green 

whilst elevated concentrations (4
th

 Quartile) for an element are shaded light grey. 
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Table 7.4b MMI concentration for selected elements in samples from the Revival Area at 

Easter Tombrek. Maximum concentration for an element is shaded dark green whilst elevated 

concentrations (4
th

 Quartile) for an element are shaded light grey. 
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Figure 7.13 Easter Tombrek MMI Max./Min. plots of selected elements demonstrating the 

reduction of the max./min. contrast in areas less affected by human activity: (a) Ce, (b) Co, 

(c) Nb, (d) Pb, (e) Sr, (f) Zn. 

 

The mean elemental concentrations for each Functional Area (Table 7.2) give an indication of 

the broad distribution of element concentrations across the site.  The House displays the 

highest means for Cu, Hg (shared with the Byre) and Mn and the minimum for Li. The Byre 

contains the highest means for Au, Pb, Zn, Hg (with the House), Th, La and Yb. The Garden 
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has the highest means for As, Cr (shared with the Revival), Ga, Li, Mo, Nb, P, Sb and Sn. 

The mean Ag concentration is highest in the Pasture. The Revival has the highest mean 

concentrations for U, Ce, Gd, Y and Cr (shared with the Garden.) 

 

The House contains the lowest mean Li (shared with the Garden). The Garden contains the 

lowest mean concentrations for Ag, U, Ce, La, Y (shared with the Pasture), Th and Li (shared 

with the Garden). The Pasture contains the lowest means for Au, As, Cr, Cu, Ga, Gd, Hg, 

Mn, Mo, Nb, P, Sb, Sn, Yb, Zn and Y (shared with the Garden). The lowest means for Ce and 

Pb are in the Revival. There are no minimum means in the Byre. 

Evaluation of the mean elemental concentrations for each Functional Area shows that the 

buildings (House and contiguous Byre) contain higher values for many of the metallic 

elements (compared with the non-building contexts). The lowest means are present for the 

great majority of elements in the Pasture and Garden (more minima in the Pasture) which 

supports the conclusion that the Pasture provides local geochemical background 

concentrations for most elements. 

Comparison of the Pasture means for selected elements with those from the Scottish GEMAS 

means allows the comparison of local background with regional background. These 

comparisons confirm those made for overall Easter Tombrek data shown in Table 7.1. The 

elements Ca, Mn and Sr are substantially depleted at Easter Tombrek whilst Li and Ti are 

strongly enriched in concentration in comparison with the Scottish GEMAS means. The data 

are displayed in Table 7.3.  

Whilst the data in Table 7.2 give broad elemental comparisons between Functional Areas, 

more detailed information on the distribution of elements within each Functional Area is 

provided in Table 7.4. Maxima are shown for each element as are samples with greater 

concentrations (within the 4
th

 Quartile) of a particular element. This allows a visual 

association of elements and highlights particular samples having anomalous geochemistry. 

The House contains the samples with the highest concentration of Ca, K, Sr, Cu, Pb and Hg 

and also a number of additional samples with elevated (4
th

 Quartile) Ag, Au, K, Pb, Zn, Sn 

and Hg. Sample TOM3 is situated over the margin of the hearth and contains elevated Cu, 

Pb, Zn and Sn (but lower than TOM2). Sample TOM1, located at the western end of the 

House, is very enriched in Ca and the geochemically coherent Sr and has slightly elevated 

Cu, but is depleted (relative to the other House samples) in Pb, Sb, As, P, Rb, Ti, U, Li, Ga, Y 
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and the REEs. Calcium and Sr are generally present at Easter Tombrek at much lower 

concentration than at St. Algar’s Farm and Calleva (see below) and it is possible that this 

enriched sample could be influenced by animal bone (most likely as it is adjacent to the 

cooking hearth), shelly material or result from leaching of lime mortar from the chimney. 

These results are strikingly different from all other samples from Easter Tombrek. 

The Hearth is characterized by sample TOM2 which overlies the hearth. It displays the 

maximum concentration of Pb, Hg and Sn and elevated concentration (4
th

 Quartile) of Ag, 

Au, Ca, Sr, Ti and Zn. These findings are surprising because Wilson et al. (2009) noted that 

the hearth had been cleaned before abandonment and it may be expected that the soils above 

it would not be particularly enriched in elements indicative of anthropogenic activity. The 

Byre contains the samples which contain the highest concentration of Zn and Mn. There are 

also a number of other samples which are elevated (4
th

 Quartile) in Mn, P, Pb, Zn, Sn and Mo 

and one sample (TOM8) which has very high Ca (the same sample which contains the 

highest Mn). 

The Garden contains the samples with the greatest concentration of P, Au, Sb, Mo, Ti, Nb, 

Ga and Li and a number of additional samples with elevated (4
th

 Quartile) As, Zn, Hg, Mo, 

Mn, Sb, Sn, Ti and P concentration. Wilson et al. (2009) also noted the Garden as having a 

deepened soil profile with an Ap/A horizon up to 60cm thick and containing charcoal, glazed 

pottery, and bone fragments, which probably indicate intensive past manuring. The elevated 

concentration of some of the elements noted (Zn, Mo, Mn and P) may be in part a result of 

these factors. 

The Pasture (which was depicted as arable land on the Farquharson 1769 map) contains the 

highest Ag concentration sample and also high concentration of most of the REEs, and some 

samples showing 4
th

 Quartile concentrations of Ag, Ca, Th and Ti. Rare earth elements are 

present in the Easter Tombrek samples at much greater concentration than in the Scottish 

GEMAS mean values (see Table 7.1). Whilst the Pasture contains the highest Ag 

concentration (TOM15) the overall concentration of the element is very close to that of the 

Scottish GEMAS mean (see Table 7.1) and is lower than occurs in GEMAS sample 3159 (37 

ppb) taken from soil derived from the Greenock granite, about 60 km SW of Easter Tombrek. 

Based upon this evidence and the observation that MMI Ce concentrations > 1000 ppb in soil 

(the Pasture Ce mean is 1727 ppb) are indicative of a ‘granitoid’ source (Mann, 2010), it is 

considered likely that these elements are indicative of soil generated from a ‘granitoid’ 

source. All other measured elements are present in the Pasture at relatively low concentration. 
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The Revival area includes the sample (TOR14) which contains the greatest concentration of 

As, Cr, Ga, Th, Ce and La which are considered indicative of the source from which the soil 

was derived and supported by the fact that the maximum concentrations of As, Ce, Cr, Gd, 

La, Th, U, Y and Yb are also located in samples from the Revival area. A number of samples 

also contain elevated concentrations (4
th

 Quartile) of Ag, As, Au, Ca, Ce, Cu, Ga, Gd, Hg, 

La, Li, Mn, Mo, Nb, P, Sn, Sr, Th, Ti, U, Y and Yb. Zinc is conspicuously present in low 

concentration in the Revival area samples. 

When individual samples are considered on a Functional Area basis, it is clear that there is a 

considerable concentration spread for some elements. This may be the result of very limited 

sample numbers, variation of the soil sample properties or the presence of more than one 

elemental population. Nonetheless the data do show trends and discernible differences 

between Functional Areas. These features are well demonstrated by the use boxplots of 

elemental means and concentration spread on an elemental basis within Functional Areas.   

Figure 7.14 shows boxplots which demonstrate the variation in concentration between 

Functional Areas by selected groups of elements. 

These plots show that the concentration of Ag, Ca, Ce, Pb, Hg, Sb, Sn and Sr are all greater 

for the Hearth than the House. The elements Ca, Co, K, Pb, Sr and Zn are present in the 

House and Byre at concentrations greater than those in the Garden, and are indicative of 

anthropogenic activity. Iron has a significantly higher concentration in the Hearth, House, 

Byre and Garden (all at similar concentrations of 200-250 ppm) than the Pasture (115 ppm 

Fe) and may be an indicator of broad anthropogenic activity. Phosphorus is present in 

elevated concentration in the Byre (24 ppm) but peaks in the Garden (40 ppm) and is a good 

indicator of animal presence and fertilizing practice. (Davidson et al., 2007, Wilson et al., 

2009) 

Elements showing maximum mean concentration in the Garden are P, Ba, As, Li, Mo, Nb, 

Sb, Sn and Ti. The REEs and some HFSEs display a similar distinctive pattern of a moderate 

concentration in the Hearth dropping to a low in the House or Byre then rising in the Garden 

and Pasture. It is believed that the REE and HFSE suite is indicative of soil derived from a 

‘granitoid’ source. This may have resulted from the weathering of feldspar and/or accessory 

minerals such as monazite, apatite, and possibly zircon, because these minerals are 

commonly enriched in these elements and are commonly present in rocks of granitic 

composition (Ali, 2012, Larson, 2002, Rubatto, 2002).  
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The Revival area is physically separated from the House-Byre features and displays a lower 

geochemical profile in comparison to them, except for a number of REEs and HFSEs. The 

Revival area soil MMI geochemistry is, for most elements (apart from the REEs and HFSEs), 

similar to that of the Pasture. 

  

  

Figure 7.14a Easter Tombrek MMI medians for selected elements on a Functional Area basis.  

Elements with concentration higher in the Hearth than the House, Ag, Pb, Sn and Sb. 

Concentrations in ppm. Hrth=Hearth, Hse=House, Byre=Byre, Gdn=Garden, Past=Pasture, 

Rev=Revival. Solid lines in Tukey-style boxes are medians, boxes span the interquartile 

range (IQR; 25
th

 to 75
th

 percentiles), whiskers are IQR boundary±1.5×IQR, or 

maxima/minima if these give a smaller whisker range, and ○ symbols are potential outliers.  
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Figure 7.14b Easter Tombrek MMI medians for selected elements on a Functional Area basis.  

Elements with concentration higher in House and Byre than Garden, Ca, Sr, K and Zn. 

Concentrations in ppm. Hrth=Hearth, Hse=House, Byre=Byre, Gdn=Garden, Past=Pasture, 

Rev=Revival. Boxplot parameters as defined in Figure 7.14a). 
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Figure 7.14c Easter Tombrek MMI medians for selected elements on a Functional Area basis.   

Elements with concentration higher in the House, Byre and Garden than in the Pasture, Fe. 

Concentrations in ppm. Hrth=Hearth, Hse=House, Byre=Byre, Gdn=Garden, Past=Pasture, 

Rev=Revival. Boxplot parameters as defined in Figure 7.14a). 
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Figure 7.14d Easter Tombrek MMI medians for selected elements on a Functional Area basis. 

Elements with high concentration in the Garden, Ba, P, Mo and Ti. Concentrations in ppm. 

Hrth=Hearth, Hse=House, Byre=Byre, Gdn=Garden, Past=Pasture, Rev=Revival. Boxplot 

parameters as defined in Figure 7.14a). 
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Figure 7.14e Easter Tombrek MMI medians for selected elements on a Functional Area basis. 

e). REE and HFSE, Ce, Nd, Th and Zr. Concentrations in ppm. Hrth=Hearth, Hse=House, 

Byre=Byre, Gdn=Garden, Past=Pasture, Rev=Revival. Boxplot parameters as defined in 

Figure 7.14a). 

 

Within the Revival area there is a zone, which on the Google Earth image (Figure 7.8) 

appears more grey-brown than the rest of the area. It is a wetter area, documented by Fleming 

(2015) as containing higher soil moisture content than the rest of the area, where rushes grow 

(see Figure 7.6). Samples TOR1, 2, 3, 4 and 10 were collected from this zone. Examination 

of the analyses of these samples in Table 7.4 reveals some possible differences between these 
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five samples and the others from the Revival area. Both Ca and Sr show higher concentration 

whilst Pb and Zn are less concentrated in the 5 samples. Silver and As may be slightly 

enriched whilst Y and Yb may be slightly depleted. The Ca and Sr enrichment could be 

indicative of an anthropogenic input since comparison of the overall Easter Tombrek means 

with the Scottish GEMAS means indicated that these two elements were generally depleted at 

Easter Tombrek. On the other hand the depletion of Pb and Zn (two elements which show a 

positive anthropogenic influence in the Easter Tombrek House and Byre) could mean that 

these elements were leached from the hillside zone as both can be relatively mobile in the 

secondary environment under the acid conditions that occur in this area (Fleming (2015, 

p.30)). However, this is unlikely since under these conditions it would be expected that the 

relatively more mobile elements, Ca and Sr, should also be depleted. It is more likely that the 

concentrations of these elements are purely representative of the soil lithological composition 

and contain little or no anthropogenic component. 

7.6.3 Elemental suites characterizing different Functional Areas 

 

One of the tasks undertaken in the MMI survey was to find if it was possible to use the strong 

discriminatory power of MMI to detail groups of elements characteristic of individual 

Functional Areas. This was possible because the Functional Areas were well defined and 

sampling was undertaken on a Functional Area basis. The grouping of the MMI analyses by 

Functional Area in Tables 7.2, 7.4 and Figures 7.13 and 7.14 has enabled this assessment to 

be carried out. These data indicate the Functional Area characteristic elemental groupings 

shown in Table 7.5. 

 

Table 7.5 Functional Area characteristic MMI elemental groupings. 
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7.6.4 Geochemical Contrast and elements of interest  

 

On the basis of geochemical contrast values for the site as a whole and analysis of the 

individual contextual results, the ‘elements of interest’ at Easter Tombrek are; Ag, Au, Ca, 

Ce, Cr, Cu, Hg, K, La, Mn, Mo, Nd, P, Pb, Sn, Sr, Th, Ti, U, W, Zn and Zr. Of these, Ag, Au, 

Ca, Cu, Hg, K, Mn, P, Pb, Sn, Sr and Zn are considered to be possibly indicative of 

anthropogenic activity, whilst Ce, Cr, La, Mo, Nd, Th, Ti, U, W and Zr are probably 

lithologically related. 

 

7.6.5 Shapiro-Wilk Normality testing, histograms and Gaussian density plots 

 

Shapiro-Wilk Normality tests were carried out on the log10 transformed data (with values 

<LLD removed) to determine if data were lognormally distributed. The testing indicated that 

Ca, La, Nb, Sn and Zn were lognormally distributed, whereas Ag, Au, Ce, Cr, Cu, Hg, Mn, 

Mo, Pb, Sr Th, Ti, W, U and Zr were not lognormally distributed. The non-lognormally 

distributed elements displayed Gaussian Density curves with more than one peak, but 

examination of the data spread indicates that most of the minor peaks are produced by a 

single sample which, if the data set were larger, may be shown to be the tails of a normal 

distribution. 

 

From analysis of the data available, it uncertain whether there is more than one elemental 

distribution for Ag, Au, Ca, Ce, Cu, Hg, Mn, Mo, Pb, Sr, Th, Ti, W, U, Zn and Zr. However, 

the fact that some samples (e.g. TOM1, 2, 10, 12 and TOR14) display elevated 

concentrations of more than one element (see Table 7.4), especially those which are known to 

have anthropogenic association (see Chapter 2), is indicative that there is more than one 

elemental population present at Easter Tombrek. 

 

7.6.7 Correlation Analysis 

 

The Easter Tombrek MMI analyses were subjected to correlation analysis using the log10 

transformed data. The correlation matrix was examined and relationships deemed to be 

interesting geologically (i.e. on the basis of known geological coherence or association and 

elements which may be indicative of anthropogenic activity, not just on a statistical number) 
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were noted for further follow up. A number of arbitrary ranges were set up to group 

correlations on the basis of strength and/or geochemical coherence as a basis for assessing the 

elemental associations. Associations with r values > 0.9 were classified as very strongly 

positive, those between 0.8 and 0.9 as strongly positive and those between 0.7 and 0.8 as 

moderately strongly positive. 

 

To focus attention on potentially significant geochemical correspondence between the 

previously outlined group of elements of interest, the data set was abridged to leave only the 

correlations between these elements of interest. The correlation matrix is shown in Table 7.6.  

 

Strong positive associations occur between Pb and Zn, Sb and As, Nb, Ce, Th, Ti, U, Y, Yb 

and Zr, many of which are refractory or high field strength (incompatible) elements. Iron 

shows a strong association with Pb, as does Th with Ce, Y, Yb, U and Zr. Niobium is 

strongly correlated with Zr. 

 

Copper shows a moderately strong relationship with Ag and there are moderately strong 

associations between the refractory/incompatible elements As, Ce, Nb, Ti, Y, Yb and Zr. 

 

There is only a modest association (r=0.51) between Ca and Sr, possibly because the 

relationship shows significant sample grouping as is demonstrated in Figure 7.15. This plot 

shows that the samples from the House, Byre and Garden form one group, whilst those from 

the Pasture and Revival Area form a second grouping. It is possible that there may be an 

anthropogenic component to the Ca and Sr content to the samples in the first group, whilst 

the second group may be displaying Ca and Sr concentrations representative of lithologically 

derived soil without anthropogenic input. The overall strong negative association Sr exhibits 

with a number of the REEs, Nb and Zr may also result from the same cause. 

  

The most striking very strong to strong positive correlations are those between the rare earth 

(and Y) elements (REEs). Correlations of over 0.93 are common for many of the REE pairs. 

Very strong positive associations are also observed between Nb and Ti, Th and Zr, U with Ce 

and La. 

 

The correlation analysis results could be interpreted to support an anthropogenic association 

between Cu and Ag, Pb and Zn, Ca and Sr and between Pb and Fe. 
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Figure 7.15 MMI log Ca vs log Sr with samples plotted on a Functional Area basis. Two 

discrete groupings are evident. One contains samples from the House, Byre and Garden 

whilst the second contains the samples from the Pasture and Revival Area. 

 

 

Table 7.6 Easter Tombrek MMI Pearson correlation coefficients (r) for Elements of Interest.  

 



267 

 

 

The main features of the correlation analysis are the REE associations and those between the 

refractory and high field strength elements. It is believed that these associations are reflective 

of lithological inputs, particularly from the weathered products of accessory minerals such as 

feldspar, zircon and monazite. Feldspar may contain substantial concentrations of REEs 

(Larson, 2002); Zircon is a zirconium silicate which contains substantial solid substitution of 

Zr by the REEs and Y and also commonly contains significant concentrations of Th, Nb and 

U (Rubatto, 2002). Monazite is a Ce, La phosphate which also commonly contains other 

REEs, Th and U (Ali, 2012). MMI extraction rates for Zr are low, but measureable (0.02%), 

as documented by Mann et al. (2014).  

 

7.6.8 Principal Components Analysis (PCA) 

 

Principal components analysis (PCA) was performed in R (R Core Team, 2015) using scaled, 

centred log ratio transformed concentrations, using the same subset of elements as those used 

to generate the correlation matrix (Table 7.7). The centred log ratio transformation removes 

any dependencies between variables due to compositional closure (Reimann et al., 2008) and 

also corrects skewed distributions, while scaling avoids elements present in higher 

concentrations having the most influence on the overall variance. 

The Principal Component Analysis (PCA) identified similar elemental associations to the 

correlation analysis, and grouped observation scores according to their Functional Area 

(Figure 7.16). Three components explaining more than 10% of the multivariate variance were 

obtained (PC1 44.3%; PC2 17.5%; PC3 14.3%). The PC1-PC2 space provided adequate 

discrimination of element suites and observations, and higher order components are not 

presented. PC1 was dominated by positive loadings for Fe, K, Sr, and Zn, and negative 

loadings for the elements Ce, La, U and Zr. PC2 had the largest positive loadings for Al and 

Yb, with greater negative loadings for Ag, Au and Ca (Figure 7.16). Samples from the House 

and Byre were grouped with shortest orthogonal distances from the vectors for the 

anthropogenically-related elements Fe, K, P, Pb and Zn. Conversely, samples from the 

Pasture and Revival areas were grouped with shortest orthogonal distances from the vectors 

for a range of elements considered to represent the granitic parent material of the soils (e.g. 

Ce, La, U and Zr), consistent with minimal anthropogenic inputs. Garden samples were 

grouped between the House/Byre and Pasture Revival samples. The positioning of the 
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Garden group of samples on the PCA biplot is reflective of the physical reality that the 

Garden is, in essence, a Pasture/Revival area with material of anthropogenic origin added to 

it.  

 

 

Figure 7.16 Biplot for principal components analysis (PCA) of MMI compositional data for 

soil samples from Easter Tombrek. Individual samples and their archaeological context are 

displayed. 
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7.6.9 X-Y Elemental Plots 

 

Log transformed X-Y plots were constructed to examine some of the potentially interesting 

associations displayed by the correlation matrix. The plots are shown in Figure 7.17. The 

strength of the association between the two elements in the X-Y plot has been gauged by the 

R
2
 value for the regression line. Values >0.9 are deemed very strong, 0.8-0.9 strong, 0.7-0.8 

moderately strong, 0.5-0.7 moderate, 0.2-0.5 weak and <0.2 very weak. 

  

  

Figure 7.17 Easter Tombrek MMI X-Y elemental pair scatter plots for selected elements. 

Log10 Ag vs Log10 Cu, Log10Au vs Log10 Cu, Log10 Pb vs Log10 Zn and Log10 Fe vs Log 10 

Pb. 

 

The Cu vs Ag, Pb vs Zn and Pb vs Fe are moderately strong associations whereas that 

between Cu and Au is weak (perhaps in part due to rounding errors as Au is close to its 

LLD). If these associations are indicative of anthropogenic relationships they are far from 
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convincing. However, given the potential for multiple sources, the weaker relationships 

would be unsurprising. 

 

7.6.10 Elemental Spatial Distribution Plots 

 

To examine the patterns of areal distribution of the elements of interest and to visualise the 

correspondence between elemental concentrations and archaeological features, the data for 

each element were plotted as concentrations on a Google Earth aerial photograph map. Plots 

for a range of elements are shown as Classed Post Maps in Figure 7.18.  

These Classed Post Maps demonstrate the difference in elemental concentration both within 

and between the Functional Areas. However, the range of data point separations (a few 

metres in the House to many metres in the Revival Area and a very large distance between 

the Revival Area and the House/Byre area) make CPM plotting of all data, to get the 

complete picture, very difficult. This is demonstrated by the problem of reading the 

concentration values for many elements in the House in Figure 7.18, where the reader is, in 

many cases, unfortunately obliged to rely on the colour coding of the data points in the 

legend to ascertain the relative elemental abundances. 
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Figure 7.18a CPM elemental distribution plot of Easter Tombrek MMI samples showing Ag 

concentration ranges. The background image is from Google Earth. 
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Figure 7.18b CPM elemental distribution plots of Easter Tombrek MMI samples showing Au 

concentration ranges. The background image is from Google Earth. 
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Figure 7.18c CPM elemental distribution plots of Easter Tombrek MMI samples showing Ca 

concentration ranges. The background image is from Google Earth. 
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Figure 7.18d CPM elemental distribution plots of Easter Tombrek MMI samples showing Ce 

concentration ranges. The background image is from Google Earth. 
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Figure 7.18e CPM elemental distribution plots of Easter Tombrek MMI samples showing Cu 

concentration ranges. The background image is from Google Earth. 
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Figure 7.18f CPM elemental distribution plots of Easter Tombrek MMI samples showing Fe 

concentration ranges. The background image is from Google Earth. 
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Figure 7.18g CPM elemental distribution plots of Easter Tombrek MMI samples showing Hg 

concentration ranges. The background image is from Google Earth. 
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Figure 7.18h CPM elemental distribution plots of Easter Tombrek MMI samples showing La 

concentration ranges. The background image is from Google Earth. 
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Figure 7.18i CPM elemental distribution plots of Easter Tombrek MMI samples showing Mn 

concentration ranges. The background image is from Google Earth. 
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Figure 7.18j CPM elemental distribution plots of Easter Tombrek MMI samples showing Mo 

concentration ranges. The background image is from Google Earth. 
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Figure 7.18k CPM elemental distribution plots of Easter Tombrek MMI samples showing Nb 

concentration ranges. The background image is from Google Earth. 
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Figure 7.18l CPM elemental distribution plots of Easter Tombrek MMI samples showing Pb 

concentration ranges. The background image is from Google Earth. 
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Figure 7.18m CPM elemental distribution plots of Easter Tombrek MMI samples showing Sb 

concentration ranges. The background image is from Google Earth. 
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Figure 7.18n CPM elemental distribution plots of Easter Tombrek MMI samples showing Sn 

concentration ranges. The background image is from Google Earth. 
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Figure 7.18o CPM elemental distribution plots of Easter Tombrek MMI samples showing Sr 

concentration ranges. The background image is from Google Earth. 
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Figure 7.18p CPM elemental distribution plots of Easter Tombrek MMI samples showing Th 

concentration ranges. The background image is from Google Earth. 
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Figure 7.18q CPM elemental distribution plots of Easter Tombrek MMI samples showing Ti 

concentration ranges. The background image is from Google Earth. 
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Figure 7.18r CPM elemental distribution plots of Easter Tombrek MMI samples showing U 

concentration ranges. The background image is from Google Earth. 
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Figure 7.18s CPM elemental distribution plots of Easter Tombrek MMI samples showing Zn 

concentration ranges. The background image is from Google Earth. 
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Figure 7.18t CPM elemental distribution plots of Easter Tombrek MMI samples showing Zr 

concentration ranges. The background image is from Google Earth. 
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Table 7.4 and the spatial distribution plots show that there are higher concentrations of a 

number of elements in the House, Byre and Garden than in the Pasture or Revival areas. All 

samples with concentrations of Pb >5000 ppb and Zn > 4000ppb were taken from the House 

and Byre, and all Fe concentrations >2.4 ppm are in samples from the House, Byre or 

Garden. The highest individual sample concentrations for Ca, Cu, Hg, Mn, Sn and Sr are 

from the House or Byre and ANOVA one-way testing confirms that there is a notable 

enrichment of Ca, Pb, Zn, Hg, Sb, Sn and Gd in TOM2, the sample taken from the site of the 

House hearth. The Garden contains the samples with the highest concentration of Au, Mo, 

Nb, Sb, Ti and the equal highest Sn. The other samples in the garden also contain high 

concentrations of Fe, Mo and Sn.  

The data define spatial associations between human habitation contexts represented by the 

House, Byre and Garden, and the elements Pb, Zn, Fe (supported by the associations between 

Pb and Zn and between Pb and Fe demonstrated by their X-Y plots and r values). It is 

therefore concluded that these elements and most probably also Ca, Cu, Hg, Mn, Mo, Nb, Sb, 

Sn and Sr have some anthropogenic input into their observed concentration at Easter 

Tombrek, albeit in different ways. The elements Ca, Cu, Pb, Zn, Hg and Sb are associated 

with the hearth in elevated concentrations, almost certainly due to human activity. Similarly, 

the anomalously high concentration of Ca and Sr in the sample (TOM3), adjacent to the 

hearth,  is strongly indicative of a bone source, but could also be indicative of the presence of 

calcareous material such as lime mortar, thought to be the cause of enrichment of these 

elements in sample TOM1 (see the Ca – Sr  plot in Figure 7.14 in which TOM1 plots in the 

top right corner of the figure).  

The spatial distribution plots and also the elemental data in Table 7.4,  indicate elevated 

concentrations of Ce, Cr, Gd, La, Th, U, Y and Zr in sample TOR14 and As, Cu, Hg, Mo and 

Sb in TOR10, taken from the Revival area. It is highly likely that the elemental grouping in 

TOR14 is indicative of the weathering products of soil minerals such as feldspar, apatite or 

monazite. The source of the anomalously elevated metal concentrations in TOR10 is 

unknown; they could relate to human activities, or may be related to lithological background. 

The elemental data and spatial distribution plots for Ag and Au do not suggest anomalous 

accumulation of these metals (except for the Hearth sample which is anomalous in both 

elements). The correlation analysis showed low association of Ag and Au with most other 

elements (except Ag and Cu with r=0.7) and also with each other (r=0.4). Silver is broadly 
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distributed at slightly higher concentration over the Revival area than in other areas and 

although it may be indicative of human habitation in the Revival area this is far from 

conclusive. Gold is present at low concentration and shows no evidence of widespread 

anthropogenic association.  

7.6.11 Spatial distribution of element indices 

 

Whilst individual elements in a suite can be used to define an area of particular interest, 

examination of an elemental group (a composite index) can commonly provide better detail 

and definition of the phenomenon giving rise to the anomalous suite (Mann et al., 2012, 

Smith et al., 1984). The analysis of the Easter Tombrek MMI elemental data, correlation 

analysis and elemental spatial distribution plots leads to the construction of such indices. This 

has been done for three suites, the Base and Ferrous Metal Suite (BFMI), the Incompatible 

Element Suite (IEI) and the Anthropogenic Suite (AI). Contour plots of the indices are shown 

in Figure 7.19 and 7.20. Contour plots were chosen as the medium for presentation of these 

data because they give a better visual appreciation for the elemental spatial relationships even 

though there are few data points and very large spatial gaps between data points which make 

interpolation less reliable. The data could have been plotted as Classed Post Maps but the 

range of data point separations (a few metres in the House to many metres in the Revival 

Area and very large between the Revival Area and the House/Byre area) make CPM plotting 

of all data, to get the complete picture, very difficult. This is demonstrated by the problem of 

reading the concentration values for many elements in the House in Figure 7.18, where reader 

is, in many cases, unfortunately obliged to rely on the colour coding of the data points in the 

legend. 

 

These indices have been constructed as additive element indices using concentrations 

normalized to each elemental mean (Appendix 7.4). The BFMI contains the elements which 

most clearly define the anthropogenic activities in the House, Byre and Garden area; Pb + Zn 

+ Fe + Sn. Calcium and Sr are not included as they show strongly anomalous concentrations 

in only one sample. These findings are strongly supported by the PCA calculation (see Figure 

7.15) which clearly groups the elements Pb, Zn, Fe and to a lesser extent P (Sn was not 

included in the PCA). The BFMI contour plot clearly defines the anthropogenic influence in 

the House, Byre and Garden area with minimal input in the Revival area.  
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The IEI is calculated as the sum of concentrations of incompatible elements Ce + Cr + Gd + 

La + Th + U +Y + Zr and is believed to be indicative of the presence of the products of 

accessory minerals in the soil and which form a distinct grouping in the PCA plot (Figure 

7.15). The contours of this index are concentrated in the Revival area with low values 

occurring in the House, Byre and Garden area.  

 

The Anthropogenic Index (AI) gives a broader view of the input of the range of elements 

which are believed to have some anthropogenic component in their occurrence at Easter 

Tombrek. The AI is calculated as Ca +Co + Cu + Fe + Hg + K + Mn + P + Pb + Sn + Sr + Zn 

and displays a focus on the House.  

 

These index contour plots have provided useful information on elemental groupings in the 

soils at Easter Tombrek. 

  

Figure 7.19 Composite Element Index plots for Easter Tombrek raw ppb data normalized to 

the elemental mean. Left, the Base and Ferrous Metal Index (BFMI) calculated as Pb+Zn+Fe 

+Sn. Right, the Incompatible Element Index (IEI) calculated as 

Ce+Cr+Gd+La+Th+U+Y+Zr.  
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Figure 7.20 Composite Element Index Anthropogenic Index (AI) plots for Easter Tombrek 

raw ppb data normalized to the elemental mean. The index is calculated as Ca + Co +Cu + Fe 

+ Hg + K + K + Mn + P + Pb + Sn + Sr + Zn. Left; 100% colour contour data. Right; 0% 

contour opacity to show co-location of the high values of the index and the House. 
 

7.6.12 The use of DOGS in defining elemental backgrounds and background element 

source 

 

The concept and use of the DOGS correlation technique (Mann et al., 2016) was discussed 

fully in Chapters 4and 5 and will not be further addressed here.  

 

The DOGS technique was used here to determine the best elemental comparator for 

determining background (Section 7.6.1) by making comparison of the log transformed Easter 

Tombrek elemental mean for the total data set with a range of possible candidates. This is 

valuable for the overall comparison but does not provide particularly useful information for 

individual data sets, or Functional Areas. An important requirement is to be able to ascertain 

the most likely lithological source of the soil which provides elemental background 

concentration values against which the data from the other various Functional Areas can be 

compared to determine which elements are present in anomalous in concentration and may be 

indicative of anthropogenic activity. A feature of DOGS is that data from a particular 



295 

 

Functional Area (Pasture in this case) can be compared with soil results derived from a range 

of ‘type’ lithologies to determine the best source.  

 

It was noted in Section 7.6.1 that DOGS CC values were used to select the most suitable 

background comparator. The All Scottish and GEMAS sample 5139 were chosen and these 

two comparators have been used to determine sample similarity on a Functional Area basis in 

Table 7.8 .This table shows individual sample composite r values for the two comparators on 

a Functional Area basis and rates them according to r value. 

 

GEMAS sample 3159 (Greenock Granite derived soil) returns very strong correlations with 

the Pasture soils indicating they are very likely to be derived from a ‘granitoid’ source, an 

observation consistent with the known lithology types in the area. DOGS CC values also 

decrease from the Pasture to Garden to Byre to House, indicating the presence of less soil in 

these contexts as was postulated in Section 7.6.2. 

 

A contoured plot of the r values for the GEMAS 3159 comparator is shown in Figure 7.21. 

Sample locations are shown on the plot and it should be noted that the plotting programme 

(Surfer 12
®
) has interpolated and constructed contours across areas where no samples exist. 

Whilst this procedure may distort the factual situation it does provide an overall picture 

which is supported by the data. Whilst it would ideally have been better to display the data as 

Classed Post Maps this was not done because of the difficulty (as was discussed above) of 

presenting the data in a readable form. The plot shows that the higher ground over which the 

Revival Area samples were taken displays a higher degree of correlation with the comparator 

than does the topographically lower area around the House, Byre and Garden. This may be 

caused by anthropogenic inputs diluting the influence of the ‘granitoid’ soils or may be a 

result of a greater proportion of colluvial and/glacial material in the soil getting lower in the 

valley. It is more likely to be the result of a combination of these factors. The Pasture area 

samples display a very strong correlation (r values > 0.97) with the ‘granitoid’ comparator 

and support the decision to use the Pasture samples as geochemical background. 

 

Examination of the r values with the All Scottish comparator show that values are higher 

overall, supporting this being the overall best fit, but the spread of r values is less. The plot of 

the contoured r values using the All Scottish mean is shown in Figure 7.21. It displays a 
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similar pattern to comparator sample 3159 but highlights the House and Byre Functional 

Areas much better than does 3159. It is interesting that the Garden area displays a much 

lower correlation with the All Scottish mean than it does with sample 3159, the reason for 

which is uncertain.  

 

These data show that the DOGS technique can be a powerful tool in determining sample 

provenance for a suite as a whole or for material from a specific context or Functional Area. 
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Table 7.7 DOGS r values for Easter Tombrek samples compared with GEMAS All Scottish 

mean and GEMAS sample 3159 elemental values. 

 

r vs All Scott. All Sc. Rating r vs 3159 3159 Rating Func. Area

0.950 0.905 HOUSE

0.969 0.956 HEARTH

0.966 0.946 HOUSE

0.969 0.949 HOUSE

0.962 0.938 HOUSE

0.964 0.951 BYRE

0.964 0.951 BYRE

0.950 0.911 BYRE

0.959 0.940 BYRE

0.949 0.937 GARDEN

0.953 0.945 GARDEN

0.949 0.940 GARDEN

0.965 0.963 PASTURE

0.967 0.968 PASTURE

0.965 0.964 PASTURE

0.970 0.968 REVIVAL

0.969 0.965 REVIVAL

0.964 0.962 REVIVAL

0.966 0.966 REVIVAL

0.970 0.970 REVIVAL

0.965 0.968 REVIVAL

0.965 0.967 REVIVAL

0.966 0.965 REVIVAL

0.964 0.963 REVIVAL

0.960 0.965 REVIVAL

0.968 0.970 REVIVAL

0.964 0.964 REVIVAL

0.958 0.965 REVIVAL

0.961 0.967 REVIVAL

r vs All Scott. r vs 3159

0.9624666 MEAN 0.954887

> 0.970 > 0.965

0.965-0.970 0.960-0.965

0.960-0.965 0.95-0.96

0.95-0.96 0.93-0.95

0.94-0.95 <0.93
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Figure 7.21 Contoured r correlation values for Easter Tombrek samples; Left - the GEMAS 

sample 3159 as the comparator, Right - the GEMAS All Scottish mean as comparator. 

 

7.7 Comparison of MMI results with those obtained from traditional soil geochemical 

methods at Easter Tombrek 

 

7.7.1 Introduction 

 

Multi-element soil geochemical soil surveys of abandoned farms in the UK using traditional 

strong acid digest techniques have consistently demonstrated the association of anomalously 

elevated concentrations of Ba, Ca, Cu, P, Pb, Sr and Zn with known archaeological features 

(Entwistle et al., 1998, Entwistle et al., 2000, Wilson et al., 2006, Wilson et al., 2005, Wilson 

et al., 2008, Wilson et al., 2009) and has specifically done so at Easter Tombrek (Wilson et 

al., 2009). The MMI soil geochemical survey has shown that the elements Ag, Au, Ca, Co, 

Cu, Fe, Hg, K, Mn, P, Pb, Sn, Sr, Zn, and possibly Ba, appear to have connections with 

various anthropogenic features at the Easter Tombrek abandoned site complex. In this 

Section comparison is made (as directly as possible) of the previous acid digest soil 
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geochemical results with those obtained from the MMI survey. The purpose of these 

comparisons was to assess the ability of MMI to reproduce the previous results, to compare 

the sensitivity of the two techniques and determine the range of elements shown to display 

anthropogenic anomalism for each technique. 

 

7.7.2 The acid digest data 

 

In 2006, Wilson et al. (2009) sampled soils from a range of Functional Areas which were 

identified by existing and structures and archaeological and historic evidence. The analyses 

are shown in Appendix 7.6. The Functional Areas sampled were the House, Hearth, Byre, 

Garden, arable fields and ‘off-site’ reference soils. Within the buildings soil samples were 

taken at a depth of 5-15 cm from the walls of pits dug to sample the floors. In the field areas 

auger holes were dug and soil samples were taken from the top 5-15 cm. This sampling 

regime provided samples comparable to those taken for the MMI work. The location of the 

MMI and comparable acid digest samples are shown in Figure 7.22.  

 

 

  

Easter Tombrek acid digest sample locations      Easter Tombrek MMI soil sample locations 

Figure 7.22 Easter Tombrek location plan showing (A) sample locations of samples analysed 

by acid digest (courtesy of Clare Wilson), and (B) MMI soil samples (overlain on a Google 

Earth image).   
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Wilson et al., (2009) undertook limited sampling in the Revival area. The Revival area MMI 

results are compared with the acid digest soil geochemical results obtained by Wilson (shown 

in Appendix 7.5 – unpublished data, supplied courtesy of Dr Clare Wilson) and Fleming 

(2015) in section 7.8. These samples (the Wilson and Fleming samples) were air-dried and 5 

g of -2 mm sieved soil was digested for 1 hour in concentrated nitric acid at 120°C. The 

digest was filtered, diluted to 100 mL and an aliquot analysed by ICP-AES spectrometer. Use 

of this method results in only a partial digestion as the short treatment time and the use of 

HNO3 alone will not digest some mineral phases.  

 

7.7.3 Comparison of MMI and HNO3 Digest data on a Functional Area basis 

 

In an attempt to make a comparison between the two data sets, plots were made, on a 

Functional Area basis, of the means of the elements found by each method to have an 

anthropogenic component. Such a comparison is difficult because the results are from 

different samples in some highly variable contexts. The data for the Hearth were not included 

separately because there was only one MMI sample available and because the Hearth is 

considered a special case within the House data set. The validity of these comparisons is 

questionable because of the small number of MMI samples in each context (3-5) and the wide 

spread of elemental concentration within each Functional Area. Whilst additional MMI data 

would improve the voracity of the means and therefore the comparison, some useful 

information is obtainable using the available elemental means. Since the MMI data are in ppb 

and the strong acid data are in ppm, the means are not directly comparable. What is 

comparable is the trend of the differences in the mean of each element from context to 

context, for the two data sets. This gives some indication of those elements which show 

similar responses to the two different analytical methods and those which do not. The plots 

are shown in Figure 7.23. 

 

 

  
 

 

Figure 7.23a Mean concentrations of Ca (left) and Co (right) in soil sampled at Easter 

Tombrek, analysed using MMI/ICP-MS and HNO3-digest/ICP-OES (AD). 
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Figure 7.23b Mean concentrations of Cu, Fe, K, Mn, P and Pb in soil sampled at Easter 

Tombrek, analysed using MMI/ICP-MS and HNO3-digest/ICP-OES (AD). 
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Figure 7.23c Mean concentrations of Sr, Zn and Ba in soil sampled at Easter Tombrek, 

analysed using MMI/ICP-MS and HNO3-digest/ICP-OES (AD).. 
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the Garden. This is indicative that the AD is picking up forms of elements not extractable by 

MMI. It is possible that material could be weathered feldspar (fresh feldspar has limited 

solubility in HNO3), which contain both elements and is a common constituent of the rocks 

from which the local soil was derived. The MMI K result displays a trend that is expected 

with anthropogenic activity decreasing from House. 

This trend of decreasing elemental concentration from House to Byre to Garden is also 
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MMI Pb peak in the House contrasts strongly with the relatively depleted concentration 

measured by AD. The AD profiles are less convincing than are those for MMI in making a 

consistent case for anthropogenic influence for these elements. 

Manganese, Fe and Cu display relatively flat AD profiles whereas with MMI, Fe shows 

elevated concentrations in the House, Byre and Garden, falling substantially in the Pasture. 

Manganese shows elevated MMI concentration in the Byre and Garden compared with the 

House and Pasture, whilst Cu shows a declining trend in concentration from House to Pasture 

with a deep trough in the Byre. The MMI data suggest anthropogenic activity for Fe (broad 

and uniform), Mn (which is similar in distribution to Zn) and less convincingly, for Cu. 

Barium displays a relatively flat AD profile with a slight elevation (to around 500 ppb) in the 

Byre and Garden. The MMI profile exhibits a peak in the Garden with the Pasture showing a 

concentration slightly lower than that in the House and Byre. It shows similarity to the MMI 

P profile. 

It is concluded that these elemental profile plots do support the view that the elements Ba, Ca, 

Co, Cu, Fe, K, Mn, P, Pb, Sr and Zn do exhibit anthropogenic behaviour, but that it is 

demonstrated more clearly by the MMI plots, which for some elements display much greater 

contrast between Functional Areas than do the AD plots. 

7.7.4 Comparison of MMI and Acid Digest geochemical contrast on a Functional Area 

basis 
 

 

The elemental mean data demonstrated that, for some elements which probably have an 

anthropogenic component, the MMI data show greater contrast between Functional Areas. To 

assess the elemental concentration range the elemental geochemical contrast within each 

Functional Area was determined. This was done by comparing the elemental Max./Min. 

ratios within each Functional Area. The data for elements exhibiting anthropogenic activity 

are presented in Table 7.8. 
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Table 7.8 Comparison of elemental Max./Min. values on a Functional Area basis, where n= 

the number of samples on which the data are based.. 

Max./Min. n Ba     Ca     Co     Cu     Fe     K      Mn     P Pb     Sr     Zn     Average Median

MMI HOUSE 4 3.1 1.7 2.7 11.8 4.3 5.5 2.9 9.9 5.3 5.2 1.0

AD HOUSE 69 2.4 13.2 2.0 2.6 1.5 3.1 4.0 2.0 5.9 8.3 2.8

MMI/AD 1.3 0.1 1.4 4.6 2.9 1.8 0.7 5.0 0.9 0.6 0.4 1.8 1.3

MMI BYRE 5 1.6 3.0 1.7 4.6 1.9 3.4 1.7 4.2 4.4 1.6 2.4

AD BYRE 23 2.3 15.0 1.5 1.9 1.7 7.8 3.3 2.3 5.0 7.3 1.9

MMI/AD 0.7 0.2 1.2 2.4 1.1 0.4 0.5 1.9 0.9 0.2 1.3 1.0 0.9

MMI GARDEN 3 1.0 1.3 1.5 1.3 1.3 1.1 1.2 1.2 1.2 1.2 2.4

AD GARDEN 13 1.4 1.6 1.2 1.6 1.1 1.5 1.7 1.3 4.4 2.0 1.3

MMI/AD 0.7 0.8 1.2 0.8 1.1 0.7 0.7 0.9 0.3 0.6 1.9 0.9 0.8

MMI PASTURE 3 1.0 1.5 1.2 1.4 1.3 1.2 1.2 1.2 1.2 1.1 1.0

AD PASTURE 24 1.6 3.1 1.1 1.7 1.4 1.7 1.5 1.4 3.3 2.1 1.3

MMI/AD 0.6 0.5 1.0 0.8 0.9 0.7 0.8 0.8 0.4 0.5 0.8 0.7 0.8

 

 

 

The comparisons of the (MMI Max. /Min. ratio)/ (AD Max./Min ratio) contrast ratio within 

Functional Areas show that MMI demonstrates a higher geochemical contrast for most 

elements in the House; the Functional Area which displays the greatest anthropogenic 

activity. The contrast declines as the anthropogenic input to the Functional Area decreases, 

i.e. from House to Byre to Garden to Pasture. It is suggested that in this context the ratio of 

MMI to AD Max./Min. geochemical contrast could be an indicator of the strength of 

anthropogenic input. 

 

7.8 Comparison of revival area MMI results with those obtained from traditional soil 

geochemical methods at Tombrek 

 

In a preliminary attempt to locate the Tombrek settlement documented on the Farquharson 

1769 map (this settlement no longer exists), a reconnaissance soil geochemical survey was 

carried out (Clare Wilson, pers. comm.) in 2014. The survey results were generated using 

acid digest (microwave conc. nitric acid digestion (175 
o
C for 5 minutes) on soil samples, 

followed by ICP-AES analysis. The unpublished data are shown in Appendix 7.6, courtesy of 

Dr Wilson. The survey covered most of the area covered by the MMI survey and extended 

beyond it a short distance to the north-west, south-west and south east. There were no 

coincidental sampling points, and consequently it is difficult to make a direct comparison 
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between the results obtained by each survey. The Wilson survey produced analytical data for 

19 elements (Al, B, Ba, Ca, Co, Cr, Cu, Fe, In, K, Li, Mg, Mn, Na, Ni, P, Pb, Sr and Zn) for 

the 50 samples collected. The location of the MMI and Wilson sampling points together with 

the estimated position of the old Tombrek settlement are displayed in Figure 7.24.  

 

   

 

Figure 7.24 The location of MMI sampling points (shown as green circles on the red grid 

lines – for full numbering of MMI samples see Figure 7.8), the Wilson sampling locations 

(red circles) and proposed (but not taken) MMI sample locations (green circles not on the 

grid). The location of the Tombrek settlement as shown on the 1769 Farquharson map (used 

as the base for this map) is shown as the blue trapezium. The reference grid is UTM 30V. 

 

Plots displaying the interpolated (by Wilson) concentration contours of Ca from the Wilson 

samples and the Revival area MMI results are shown in Figure 7.25. The difference in sample 

treatment employed by the two surveys (partial extraction for MMI, acid digestion for the 

Wilson samples) means that an absolute comparison of concentration values is not possible. 
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The Wilson results reveal a north- west to south-east trending zone of elevated values in the 

centre-west part of the sampled area and another in the north-east. The concentration range 

was 1213 ppm to 3587 ppm which is comparable with a House/Byre mean at Easer Tombrek 

of 2039 ppm. 

 

 

 

Figure 7.25 Comparison of MMI Ca concentration (in ppm) with interpolated contoured 

Wilson Ca (in ppm) results. Concentration ranges from 1213 ppm (light blue) to 3587 (red). 

The purported location on the Tombrek settlement is outlined by the blue trapezium. The 

yellow numbers represent sample magnetic susceptibility values which are not relevant. The 

1769 Farquharson map has been used as the base map for this compilation.  

 

The MMI results show the highest concentration of Ca along the traverse line TOR1 – TOR5 

(110-190 ppm) with an elevated concentration of 105ppm occurring in TOR 8 on the TOR6 – 

TOR10 traverse line. This value is co-incident with a Wilson spot high. There is a generally 
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good correspondence between the two data sets over the western area and also the eastern 

area, where data are limited. 

 

The western zone of elevated Ca concentration partially overlaps the area where the Tombrek 

settlement was plotted on the Farquharson 1769 map. However, the location of the settlement 

on that plan is approximate and could be as much as 20m from where plotted (Clare Wilson, 

pers. comm.). If the position of the settlement were moved 20 m to the west, it would 

coincide with the Ca soil geochemical anomalies detected by both the MMI and AD surveys. 

 

The Pb plot in Figure 7.26 shows that Wilson Pb concentrations are higher in the eastern part 

of the area sampled and diminish to the west. The overall Pb concentrations are low, the 

range being 10 to 20 ppm compared with a mean of 34 ppm in the House/Byre . MMI Pb 

concentrations are also low in the Revival area compared with the overall Pb mean and that 

from the House at Easter Tombrek. Lead has a mean concentration of 1307 ppb in the 

Revival area compared with the overall Easter Tombrek mean of 2641 ppb and a House mean 

concentration of 4238 ppb. The highest Revival area MMI Pb concentration is in sample 

TOR 10 (2230 ppb), in the east. Sample TOR 11, in the very east of the area, also displays a 

locally elevated Pb concentration of 1420 ppb, so there is a broad agreement between the 

MMI and acid digest data sets in this area. However, MMI Pb concentrations decrease 

towards the centre of the area and then increase again towards the south-west (but the 

gradient is small), whereas the Wilson concentrations decrease westwards. These small scale 

variations are not unusual and reflect normal low level variations in soil geochemistry. The 

results are not surprising as MMI Pb is not considered to be an element of potential 

anthropogenic significance in this context, whereas it is in the context of the House at Easter 

Tombrek. There is a very small possibility that the slightly elevated Pb values, which are 

reasonably co-incident with the position of the Tombrek settlement, may have some 

anthropogenic component, but this is most unlikely. It appears much more likely that the 

MMI Pb detected at the Revival area is predominantly that derived from weathered 

lithological sources. All Revival area samples plot in the space occupied by the lithological 

suite of elements on the PCA biplot (Figure 7.16) and not in the anthropogenic space (related 

to the Easter Tombrek House and Byre) where Pb plots . Similarly, the Pb derived from acid 

digestion would be expected to come from a wider source of both weathered and relatively 

unweathered soil mineral sources.  
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Figure 7.26 Comparison of MMI Pb concentration (in ppm) with interpolated contoured 

Wilson Pb (in ppm) results. Concentration ranges from 10 ppm (light blue) to 20 ppm (red). 

The purported location on the Tombrek settlement is outlined by the blue trapezium. The 

yellow numbers represent sample magnetic susceptibility values which are not relevant. The 

1769 Farquharson map has been used as the base for this compilation. 

 

 

Phosphorus concentrations for the Wilson samples are plotted in conjunction with the Revival 

area MMI data in Figure 7. 27. The Wilson concentrations range 637 to 1412 ppm and are 

subdued when compared with the equivalent results from Easter Tombrek 

(House/Byre/Garden P mean – 1809 ppm). Similarly, the MMI P values (range 11.8 – 23.4 

ppm) in the Revival area are low compared with the mean value of 30.6 ppm for the House, 

Byre, Garden contexts. The Wilson P concentration is higher in the central and western part 

of the area and the highs are co-incident with the possible position of the Tombrek settlement. 
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The MMI P concentrations tend to be higher in the west and there is a reasonable 

correspondence between the two data sets over the area. The association of the higher Wilson 

P values with the position of the Tombrek settlement could possibly be indicative of a P 

anthropogenic input in this area. It is difficult to infer the same for the MMI P. 

 

 

 

 

 

Figure 7.27 Comparison of MMI P concentration (in ppm) with interpolated contoured 

Wilson Pb (in ppm) results. Concentration ranges from 637 ppm (light blue) to 1412 ppm 

(red). The purported location on the Tombrek settlement is outlined by the blue trapezium. 

The yellow numbers represent sample magnetic susceptibility values which are not relevant. 

The 1769 Farquharson map has been used as the base for this compilation. 
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Whilst the Tombrek (Revival area) P concentrations for both MMI and acid digest are low 

when compared with the results from Easter Tombrek, their modest elevation in the area 

mapped as containing the old Tombrek settlement could possibly be indicative of an 

anthropogenic component in the concentrations detected. This observation reinforces the 

principle that it is essential that geochemical data must be assessed against local, rather than 

regional background concentrations. These very subdued P anomalies are only discernible 

because local backgrounds are low. They are invisible if the Easter Tombrek background 

values of the Pasture are utilized.  

 

Copper analyses are shown in Figure 7.28. The Wilson samples exhibit a range of 17-49 ppm 

Cu, which is similar to the range of concentration for the acid digest samples from the House, 

Byre and Garden (mean 31 ppm). The Revival area MMI samples display a range of 1460-

4460 ppb with a mean value of 2842 ppb. This is similar to the mean for the Garden at Easter 

Tombrek (2590 ppb) but lower than the mean for the House and Byre (mean 4095 ppb). The 

Wilson Cu data show a similar distribution to that of Pb and (to a lesser extent) P, with higher 

concentrations in the east of the area. There appears to be no systematic distribution of the 

MMI Cu data and no particular correspondence between the Wilson and MMI data. This is 

not surprising as the concentrations of Cu exhibited by both data sets are around background 

levels and the distributions reflects the natural variations in background concentrations to be 

expected as a result of the natural variations in soil chemical properties. It is considered that 

the Cu concentrations exhibited by both the Wilson and MMI data sets are representative of 

lithological background and very unlikely to contain any anthropogenic component. The 

positioning of Cu close to that of the group of elements characteristic of the lithologic 

background and far from the anthropogenic elemental suite on the PCA plot (Figure 7.16) is 

supportive of this view.  

 

Examination of the other elements for which both Wilson and MMI data are available (Al, 

Ba, Co, Cr, Fe, K, Li, Mg, Mn, Sr and Zn) indicates a similar situation to that shown by Cu 

and no plots of these elements are included here.   
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Figure 7.28 Comparison of MMI Cu concentration (in ppm) with interpolated contoured 

Wilson Pb (in ppm) results. Concentration ranges from 17 ppm (light blue) to 49 ppm (red). 

The purported location on the Tombrek settlement is outlined by the blue trapezium. The 

yellow numbers represent sample magnetic susceptibility values which are not relevant. The 

1769 Farquharson map has been used as the base for this compilation. 

 

 

It can be concluded that for elements which may exhibit some anthropogenic input at 

Tombrek/Revival Area (Ca and P), there is a reasonable agreement between the Wilson acid 

digest and the MMI results.  This agreement between MMI and acid digest Ca and P was also 

observed at Easter Tombrek, as demonstrated in Figure 7.23. As expected there is not good 

agreement between the two data sets for elements which are present at or near background 

concentrations and representative of the local lithological background. 
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As a follow up to the Wilson work, Fleming (2015) carried out a soil geochemical survey 

over an area which partially overlapped that covered by the Tombrek Revival Area MMI 

survey. There was no co-incidence of sampling points between the two surveys. A total of 

121 samples were subjected to a microwave nitric acid digestion and the concentration of 19 

elements (Al, As, B, Ba, Ca, Cd, Co, Cr, Cu, Fe, Ga, In, Li, Mg, Mn, Ni, P, Pb, and Zn) was 

determined using ICP-AES analysis. The concentrations of Ca, Cu, P and Pb were possible 

indicators of the presence of the old settlement at Tombrek whilst (on the basis of Cluster 

Analysis) As, Cu, Co, B, Fe, Zn, Pb, Cr and Mn formed a group, the significance of which 

was not clarified (but probably indicative of lithological background). 

 

Comparison of the Wilson and Fleming results indicates good agreement between the data 

sets for Ca and Pb, reasonable agreement for P and only moderate agreement for Cu.  

These similarities support the observations made above on the comparison of the Wilson 

results with those on the Revival area MMI. 

 

Table 7.9 displays the Max./Min. geochemical contrast between the Revival area MMI and 

the Wilson acid digest samples at Tombrek for selected elements for which analyses were 

available from both techniques. The table shows that although concentrations of many 

elements are at, or near background values (in comparison with the Easter Tombrek House, 

Byre and Garden contexts where concentrations are substantially greater) the Max. /Min. 

geochemical contrast for most elements is similar, except for Zn which displays a better MMI 

contrast and Mn which displays the opposite behaviour. It is probable that the similarity in 

contrast between the two techniques derives from the fact that there appears to be little, if 

any, anthropogenic input into the elemental suites at the Revival area/Tombrek. What is 

being measured appears to be the background lithological response and there is no reason to 

believe that, given the nature of the material, the MMI response should be particularly 

different from that of the acid digest.  

 

Table 7.9 Comparison of Max./Min. geochemical contrast between MMI and Wilson acid 

digest data for selected elements from samples from the Revival area at Tombrek. 
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It can be concluded that whilst there is reasonable agreement between the MMI results and 

those obtained by acid digest, there is no particular benefit derived through the use of MMI  

(on the basis of Max./Min. geochemical contrast. 

 

 

7.8 Conclusions 

The limited MMI sampling programme at Easter Tombrek has largely confirmed and 

expanded upon the findings of the previous work of Wilson et al. (2009) regarding the 

presence of soil geochemical anomalies indicative of anthropogenic activity. 

 

Whilst the Wilson et al. (2009) acid digest geochemical study identified Ba, Ca, Cu, P, Pb, Sr 

and Zn as being indicators of anthropogenic activity at Easter Tombrek, the MMI study has 

not only confirmed those findings but, because of its greater sensitivity and wider range of 

elemental analysis, expanded the range of elements believed to be indicative of 

anthropogenic activity (in varying degrees) to also include K, Hg, Fe, Mn and Sn. The 

complete suite of elements indicative of anthropogenic activity in some way has been found 

of to be Ba, Ca, Co, Cu, Fe, Hg, K, Mn, P, Pb, Sn, Sr and Zn. These elements display 

evidence of human, animal and plant presence in Functional Areas ranging from the House to 

the Garden. Each element is characteristic of a particular single or group of Functional Areas. 

Groups of elements have been found to characterize individual Functional Areas and 

geochemical contrast data have demonstrated that MMI provides an indicator of the degree of 

anthropogenic input in differing Functional Areas. 

 

The MMI work has also resulted in the discovery of a group of REEs and HFSEs that are 

anomalously elevated in concentration in specific areas, and more concentrated in the soils in 

general, which appear to be indicative of a ‘granitoid’ soil source. 

 

The Easter Tombrek work has confirmed the ability of MMI to spatially define soil 

geochemical anomalies indicative of anthropogenic activity in a rural environment and has 

also demonstrated that it can be used to define elemental suites characteristic of particular 

Functional Areas.  

 



314 

 

Work carried out on the Revival Area at Tombrek has failed to identify any soil geochemical 

signature that could be attributed to the, now non-existent Farquharson building(s). The work 

has demonstrated that MMI provides similar results to those obtained from acid digestion but 

does not provide better geochemical contrast. The reason for this is believed to be because 

there is no unequivocal evidence for any anthropogenic geochemical signature in the area; the 

results are most likely indicative of the lithological background geochemical response. Since 

this response is initiated by the partially weathered minerals in the soil, there is no reason to 

believe that MMI should provide a more sensitive response than acid digest and this is what 

has been observed. 
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8. BINCHESTER ROMAN FORT - ROMAN VINOVIA 

 

8.1 Introduction 

 

Little is known of occupation of the Binchester site before the establishment of the fort 

around 79 C.E. which was built to guard the River Wear crossing of the Dere Street, the 

principal Roman road between York, Hadrian’s Wall and Scotland. It was the largest Roman 

fort in County Durham, known by the Romans as Vinovia and was probably built at the time 

of Agricola’s march north into Brigantes territory (Ferris and Jones, 1991). It was garrisoned 

by cavalry units, was one of the most substantial forts on the northern frontier and covered an 

area of about 3.6 ha (Petts, 2013). Initially, timber barracks blocks were constructed on the 

levelled site. The buildings inside the fort were levelled and reconstructed in stone at a later 

time. These included a commandant's house at the heart of the fort and a well-appointed baths 

building. The fort was surrounded by a thriving civilian settlement (vicus) which contained a 

bath-house, two cemeteries, an area of industrial activity and a number of buildings 

associated with commercial and industrial activities (Petts, 2013).  

 

From the 1
st
 to the 4

th
 century CE the main building on the fort site was the commander’s 

house and residence, originally built of wood, then in stone. In the late fourth century the site 

underwent a significant change from a high-status residence to an area of industrial and 

agricultural activity (Petts, 2013), which included large scale animal butchery and tannery 

operations. Similar changes in usage at that time have been documented by radiocarbon 

dating in the barracks area and the vicus (Durham University Archaeological Services, 2010, 

Durham University Archaeological Services, 2011). These activities continued until the mid-

5
th

 century CE, at which time formal Roman occupation appears to have ceased.  

 

Subsequent to Roman occupation the site remained under habitation by the local population, 

and by the early 6th century a small Anglo-Saxon cemetery had been founded. The fort 

buildings were demolished around this time for reclamation of the materials which were 

eventually used in the construction of the nearby 7th-century Escomb Church. A hamlet and 

manor house survived at Binchester until the late Middle Ages and the site of the manor 

house is now occupied by the 17th-century Binchester Hall (Anon, 2007, Guard, 2000). 
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The Binchester fort is located in the centre of Durham County, about 1.6 km north of Bishop 

Auckland on the eastern bank on the River Wear. It is reached by Dial Stob Hill Road from 

Bishop Auckland (Figure 8.1). It is centred at 1
o 

40' 34.71’’W, 54
o 

40' 35.00'' N with UTM 

grid reference 30U 633484E 5691303N. 

 

The fields in which the fort and associated archaeology occur are under permanent grass 

cover and are used for cattle grazing. A Google Earth image of the site is shown in Figure 

8.2. The site has a maximum elevation of approximately 95 m above mean sea level and  

slopes down gently to the NW, where the elevation is about 83 m a.s.l. At the time this work 

was undertaken (May 2014) the site was under full pasture.  

 

The soils sampled at Binchester lay beneath a 5-10 mm accumulation of organic matter. They 

were unstratified grey friable sandy loam, which contains a few stones, and which showed 

little visual variation. It has been mapped as Soilscape 17 of the Soilscapes Soil Types map of 

England (LandIS, 2016). These soils are classified as slowly permeable, seasonally wet, acid 

loamy and clayey soils.  

 

The Binchester area is underlain by a basement of mudstone, siltstone and sandstone of the 

Carboniferous Pennine Lower Coal Measures Formation (312-313 My).  These sediments are 

overlain by Quaternary river and terrace deposits of gravel, sand and silt, and moraines of till 

with outwash sand and gravel deposits from glacial meltwaters (Durham University 

Archaeological Services, 2010, British Geological Survey, 2016).  

 

This work was undertaken to obtain a broader knowledge of the relationship between the 

archaeology and the geochemistry of the Binchester site. The specific aim of the sampling 

programme was to make a limited preliminary MMI geochemical investigation of three 

different archaeological contexts in separate areas within the vicus. These were: a suspected 

industrial area characterized by strong discrete magnetic anomalies indicative of hearth fires, 

an area thought to have been used for yarding cattle, and an area covering the drainage from a 

bath house complex currently under excavation.  
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Figure 8.1 Binchester location map. 

 

 

Figure 8.2 Binchester site showing the fields and areas where sampling was undertaken. The 

UTM Zone is 30. 
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Stock Yard 
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Industrial 
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8.2 Site description 

 

The sampling at Binchester was carried out in two fenced fields, one to the east of the fort, 

the other to west of Dial Stob Hill Road, about 200 m NW of the fort (Figure 8.2). The fields 

are situated in rolling countryside (Figure 8.3) under pasture (Figure 8.4). The site slopes 

gently to the NW (see Figure 8.3).  

  

The northern part of the site is crossed from west to east by high tension power lines and 

there are buried water pipes traversing the site. These features are very obvious on the 

magnetic gradiometry plan (as shown later in Figure 8.6), and to a lesser extent on the Google 

Earth image in Figure 8.2.    

 

 

 

 

Figure 8.3 The Binchester site is situated in rolling countryside. 
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Figure 8.4 The Binchester site is heavily pastured. 

 

8.3 Previous work 

 

8.3.1 Initial site investigations 

 

The Binchester Fort has been known for centuries. Roman coins were found in ploughed 

fields on the site in 1552. In 1856, the historian William Camden noted that parts of the fort 

walls remained standing and that heaps of rubbish remained. He also recorded that 

‘Binchester penies’ (Roman coins) were often dug up there (North Guard, 2000). 

The first excavations were undertaken in the 1870’s (Hoopell, 1891). They concentrated on a 

well preserved bath house in the centre of the fort which had been discovered in the early 19
th

 

century when a farm cart fell into a hole above the hypocaust.  Hoopell’s work also examined 

the defences of the fort and also resulted in the discovery of the previously unknown vicus. 

In the 1930’s, excavations were undertaken around the fort's defences by Kenneth Steer. He 

detected evidence of post-Roman buildings, suggesting that the vicus continued as a small 
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settlement after the fort ceased to be actively occupied. He also discovered an early Agricolan 

fort under a later one dating to about the 3rd century (Anon., 1938). The work was continued 

in 1955 and from 1964 and 1972 when the bath suite was re-excavated and mostly cleared.  

 

The baths were again the focus of excavation from 1976 to 1981 and from 1986 to 1991. This 

resulted in finds of remarkable graffiti on tiles from the baths, including a list of 25 soldiers’ 

names in fourth-century cursive. The baths were described in detail, as were the limited 

excavations of the early fort, the praetorium and subsequent changes in functional use (Ferris, 

2010).  Excavation of the earliest fort levels was limited but found fragments of a high-status 

building, superseded in the first half of the second century by rubbish-dumping and iron-

working.  In the mid-second century the fort was reduced in size and the first phase of the 

praetorium built. The work established a structural sequence running into the sub-Roman 

period, based upon a suite of over 20 radiocarbon dates. The carbon dating suggests that the 

praetorium was rebuilt in stone after 270 CE and again more grandly about 335–45 CE. The 

internal baths were not added until about 350–60 CE. They remained in use to the end of the 

fourth century, after which time there was a phase of rubbish dumping, contemporary with 

craft and animal slaughtering activities in the praetorium rooms. This was overlain by 

dumped clay and rough paving associated with antler-working and this occupation was 

possibly still current when a high-status Anglo-Saxon inhumation was dug through the 

collapse of the bath building in the mid-sixth century. The general argument was that late 

Roman Binchester and its large vicus, acquired a quasi-urban function as a regional centre at 

about that time (Hodgson, 2013).  

 

8.3.2 Recent archaeological investigations 

 

In 2004, a gradiometric magnetometer survey was carried out over 4.7 hectares of the vicus. 

This work, and previous survey results, revealed an extensive civilian settlement lying under 

the fields to the east of the fort, where Hoopell had done his early test trenches (Durham 

University Archaeological Services, 2010). In 2007 Time Team came and spent three days 

excavating and extending the area surveyed by the magnetometer survey. This work revealed 

more remains of the larger, earlier fort and found that the vicus also extended to the north of 

the fort. A row of three military mausolea were also identified. 
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In 2009, a team lead by Dr. David Petts from Durham University began a programme of 

further excavation which ran until the end of 2015. Two major trenches were opened; one 

inside the fort, the other in the vicus. The location of these excavations is shown on Figure 

8.5. The work in Trench 1 concentrated on the barrack building whilst that in Trench 2 

focussed on the regimental bath house. Whilst no final report of the work has been 

completed, interim reports and a daily blog have documented the activities (Durham County 

Council, 2015, Durham-County-Council, 2013, Durham-County-Council, 2014)  

 

 

 

Figure 8.5 Location of 2005-2015 Durham University excavation trench site areas and the 

Bath House Drainage MMI sampling area. UTM Grid Reference 30U. Background image is 

from Google Earth. 

 

 

Of relevance to the current MMI research is the discovery, during excavation of the 

regimental bath house, that about 350 CE the building became redundant and was used 

thereafter (estimated time of about 30-50 years) as a giant refuse receptacle. This contained 

all manner of waste, including large quantities of cattle bone, as did stone lined pits and 

hollows found elsewhere on the site (Petts, 2013). Drainage from the bath house was taken by 
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a channel outside the fort and it is the soil above this channel that was sampled in the MMI 

Bath House Drainage Area survey. 

 

A number of features were also found which strongly suggested the existence of a Roman 

tannery. These included the presence of permanent stone-lined pits formed for on-going 

industrial use, the presence of animal remains (mainly cattle) and a defined gully system 

between the pits, suggesting the use of water in the process (Parsons, 2012). As at the bath 

house, these pits have been dated to the 4
th

-5
th

 century CE. The pit features suggest that the 

tannery was in use for a period of 50 successive years. 

 

 

 

8.3.3 Geophysical data 

 

A gradiometric magnetometer survey was carried out over approximately 5 ha over the 

central part of the Binchester site (Durham University Archaeological Services, 2010). 

A greyscale image of magnetic field gradient is shown in Figure 8.6. 

 

Positive magnetic anomalies reflect relatively high magnetic susceptibility materials, 

typically sediments in cut archaeological features (such as ditches or pits) whose magnetic 

susceptibility has been enhanced by decomposed organic matter or by burning (Durham 

University Archaeological Services, 2010). Negative magnetic anomalies reflect regions of 

anomalously low or negative magnetic field gradient, which may correspond to features of 

low magnetic susceptibility such as wall footings and other concentrations of sedimentary 

rock or voids. Dipolar paired positive-negative magnetic anomalies, which commonly appear 

as white circles with a black centre, typically reflect ferrous or fired materials (including 

fences and service pipes) and/or fired structures such as kilns or hearths. A number of such 

structures are present close to the sampled Industrial Area, in the NE sector of the image in 

Figure 8.6. 
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Figure 8.6 Magnetic gradiometry of the Binchester site with sampled areas highlighted. (Plan 

after Archaeological Services, Durham University, courtesy of Dr D. Petts.). The greyscale 

magnetic field gradient range is from -5nT (white) to +5 nT (black). The UTM Zone is 30. 

 

 

8.3.4 Geochemical data 

 

A soil sampling programme of trenches excavated on the Roman tannery was undertaken of  

at Binchester in 2012 (Parsons, 2012). The location of the sampled trenches and the site of 

the current Bath House Drainage Area are shown in Figure 8.5.  

 

 

The samples were collected at the level of excavation at the base of the pits and the base of 

the walls of the pits. A total of 48 samples were taken, dried in the laboratory and subjected 

to XRF analysis for P, Ca, Cu, Mg, Pb, Zn, Al, K, Ni and Cr. 

 



328 

 

Calcium and phosphorus were strongly enriched in the Tannery samples compared with local 

background samples. Calcium displayed a geochemical contrast (defined as sample 

concentration/background mean) of 3.3. Phosphorus had a geochemical contrast (GC) of 2.6. 

The metals Zn, Cu, Ni and Cr showed slightly elevated concentration in the Tannery, with 

GC values ranging from 1.2 - 1.9). Lead, Cd and K were depleted in the Tannery samples 

with GC values ranging from 0.74 – 0.98. 

 

The elevated Ca concentrations were attributed  to the tanning de-hairing and de-fleshing 

process, which involves the addition of lime as a de-hairing agent (Dix, 1982). 

Significant P concentration enrichment is a strong indication of human habitation (Beach et 

al., 2008, Beach et al., 2003) and the elevated P concentrations in the pits demonstrated that 

an input of waste, most likely animal and human, had been present and may have been 

attributable to the tanning process. 

 

Whilst heavy metals are common indicators of human habitation, commonly contributed by 

metal working processes (common-place in a Roman Fort), the concentrations as found in the 

tannery pits at the Binchester Roman Fort were considered by Parsons (2012) more likely to 

be the result of human and animal faeces and urine inputs. Whilst it has been demonstrated 

that the input of waste products such as human or animal faecal deposits can lead to heavy 

metal enrichment in the soil concentrations (Aston et al., 1998) it is more likely that the 

heavy metal concentrations found in the tannery did relate to metal processing work in the 

fort. However, because of the dynamic nature of human habitation, it is possible/probable that 

both activities may have existed independently, co-existed or pre-existed each other. 
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8.4 Methodology 

 

8.4.1 MMI Sampling 

 

A limited soil sampling programme was undertaken on the Binchester site between 19 and 20 

May, 2014 to examine the usefulness of ligand-based partial extraction in documenting 

anthropogenic multi-element soil geochemical signatures associated with three quite different 

archaeological contexts.  

 

Sampling was undertaken according to the protocol outlined in Chapter 4. A total of 35 

samples (in duplicate) were collected; 13 from the stockyard (BIS1-13), 10 from the bath 

house drainage (BIB1-10) and 12 from the industrial area (BII1-12). Sample BIS13 was 

collected to be representative of local background. It was located in an area of low magnetic 

contrast in undisturbed pasture. The sample sites were surveyed using a Trimble Pathfinder 

Pro XRS GPS unit (accuracy to within 5 cm). Site co-ordinates and elevations were recorded. 

Sample locations are shown in Figure 8.7. Sample descriptions are given in Appendix 8.1. 
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Figure 8.7 MMI sample locations and numbers with topographic contours derived from GPS 

readings taken during the sampling. The UTM Zone is 30. 
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8.4.2 MMI Analysis 

 

Samples were packed and shipped by air freight to the laboratories of SGS in Perth Western 

Australia. They were treated using the MMI-ME Mobile Metal Ion Analysis method as 

described in Chapter 1.  

 

8.5 MMI Analytical results 

 

The concentration of 55 elements was quantified by MMI extraction, followed by ICP-MS 

finish, on the 35 Binchester soil samples. Details of the elements measured, the lower and 

upper limits of detection for each element are shown with the analyses in Appendix 8.2. All 

elements measured displayed concentrations below the Upper Limit of Detection (ULD) with 

the exception of Al, which was > ULD for 1 sample.  

 

8.6 MMI Data analysis 

 

8.6.1 Elemental population distribution and Shapiro-Wilk normality testing 

 

Log10 transformed elemental data (with values < Lower Limit of Detection (LLD) removed) 

were subjected to Shapiro-Wilk normality testing. Of the 43 elements with sufficient data to 

allow testing, 26 (Ag, Al, Au, Ba, Cd, Ce, Cs, Eu, Fe, Ga, Gd, La, Li, Mn, Nb, Nd, P, Pb, Pr, 

Sm, Sn, Th, Ti, Tl, Zn and Zr) passed the test (at p values > 0.05) indicating a log normal 

distribution. A total of 18 elements (As, Ca, Co, Cu, Dy, Er, Hg, K, Mg, Ni, Rb, Sb, Sc, Sr, 

Tb, U, Y and Yb) had distributions significantly (p≤0.05) different from normal.  However, 

the limited nature of the data set (only 35 samples) and the inconsistency produced by the 

rounding of concentrations of some elements present at low concentration (e.g. W, Hg and 

Sb) means that the sample distributions may not match those of the population sampled.  

 

 

 



332 

 

8.6.2 Geochemical background and elements present in anomalous concentration 

 

To place the Binchester soil geochemistry into a regional context the MMI elemental means 

for the total data set were compared with the MMI elemental means from the GEMAS 

northern England data set, shown in Appendix 8.4 

 

The comparison revealed that the Binchester means for Au, Cs, Ga, Li, Sn and Ti were 4×, or 

> 4× those of the GEMAS means, and that Ag, Hg, Nb, Rb and Zn were between 2× and 4× 

the GEMAS North England concentrations. It is notable that the means for all elements from 

Binchester samples were greater than for those from the GEMAS samples. The ratios for all 

elements are as shown in Figure 8.8. 

 

 

 

Figure 8.8 Ratio of soil MMI elemental means for Binchester to GEMAS North England 

elemental means. 

 

Comparison of the GEMAS North England elemental means with the chosen Binchester 

background sample BIS13 reveals that some elements are enriched in the Binchester 

background sample whereas some are depleted. For the 53 elements measured there was an 

average enrichment of 1.2 × in the BIS13 sample. However, it must be remembered that 

because of the limits on sample numbers, only one background sample was taken. This 

sample may not necessarily be representative of the background for all elements.  Elements 

showing relative enrichment in BIS13 were Ag (5.1 ×), Au (4.4 ×), Hg (3.3 ×), Li (7.3 ×) and 
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Sn (8.2 ×). Elements which were depleted in BIS13 compared to the GEMAS mean were Co 

(0.03 ×), K (0.1 ×), La (0.2 ×), Mn (0.04 ×), Th (0.2 ×) and U (0.2 ×). 

Whilst the comparison of the total Binchester data with the GEMAS data revealed that a 

number of elements were enriched in concentration at Binchester, it was important to look 

internally at the total Binchester data set to see which elements, if any, displayed elevated 

geochemical contrast. As outlined in Chapter 1 the measure of geochemical contrast (GC) 

used was the ratio of the 4
th

 Quartile elemental mean (4QM) to the 1
st
 Quartile elemental 

mean (1QM). This parameter was calculated and the elements Ce, K, Mn, Pb, Sc, Sn and Yb 

were found to have geochemical contrast > 4. Geochemical contrast values for the whole 

Binchester data set are shown in Figure 8.9.  

 

 

Figure 8.9 Geochemical contrast (4QM/1QM) calculated using all the Binchester data. 

Elements with contrast >4 are shaded red; those with contrast between 3 and 4 are shaded 

ochre. 

 

8.6.3 The geochemical characterization of the Functional Areas 

 

Full analyses of the samples are given on a Functional Area basis in Appendix 8.2 and for 

selected elements of potential interest in Table 8.1. The values for the elemental means and 

the mean value of the elemental geochemical contrast for each Functional Area, shown in 

Table 8.2, clearly demonstrate the differences in the elements which characterize each 

Functional Area and their relative degree of enrichment. For determination of the 
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geochemical contrast at the Functional Area level, there were insufficient data to use the 

4QM as the numerator, and so the maximum value for samples from the specific context was 

used. In these contexts local geochemical contrast (LGC) was defined as Functional Area 

maximum /Total site 1QM. Results show that the Bath House Drainage Area shows the 

greatest degree of LGC, followed by the Industrial Area with the Stock Yard showing 

minimal anomalism. 

 

The Bath House Drainage Area is strongly enriched in Mn (LGC 15.6 × background), K 

(12.8 ×), Ce (6.2 ×), Mn (10.2 ×), Sn (6.0 ×), Hg (4.0 ×), Pb (7.4 ×), Ti (5.7 ×), Nb (5.3 ×) 

and P (4.0 ×). It also demonstrates moderate enrichment in Au (LGC 3.0 ×), As (3.0 ×), Ba 

(3.0 ×), Co (3.9 ×), Fe (3.6 ×), La, (3.3 ×), Sb (3.8 ×) and Zn (3.8 ×). The highest elemental 

means for As, Au, Ba, Cd, Ce, Fe, Hg, Mn, Nb, Ni, P, Pb, Sb, Sn, Ti and Zn are found in the 

Bath House Drainage Area. The highest concentrations for most elements are found in 

samples BIB1 and BIB2. 

 

The Industrial Area is strongly enriched in K (LGC 11.1 ×), Cu (4.8 ×) and Pb (4.7 ×), and 

moderately enriched in Ce (LGC 3.8 ×), Co (3.1 ×), Hg (3.0 ×), La (3.4 ×), Mn 3.8 ×), Nb 

(3.7 ×), Sn (3.0 ×), Ti (3.7 ×) and U (3.1×). The elemental means for Cu, Co, K and La are 

highest in the Industrial Area. 

 

The Stock Yard Area has a more limited range of elemental concentrations, with only Hg 

(LGC 3.0 ×), Ca (3.2 ×) and U (3.0 ×) demonstrating moderately strong enrichment. The Sr 

mean is highest in the Stockyard Area and the Sr values in this area are relatively uniform 

(1180-1450 ppb). They are almost double the Sr concentration in the other two Functional 

Areas. Similarly, Ca also shows the greatest concentration in the Stockyard Area, being 1.5 – 

2× that found in the other areas. Silver is also marginally more concentrated in the Stockyard 

Area. 
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Table 8.1 Binchester MMI data for selected elements on a Functional Area basis showing 

elemental means and geochemical contrast (Max. /1QM). Elements with contrast > 4 shaded 

red, elements with contrast 3 – 4 shaded ochre. 

 

 

BINCHESTER BATH HOUSE DRAINGE DATA IN ppb

SAMPLE Ag As Au Ba Ca Cd Ce Co Cu Fe Hg K La Mn Nb Ni P Pb Sb Sn Sr Ti U Zn

BIB 01 59 30 2.4 1440 275000 97 187 14 2200 114000 2 108000 37 3140 5.5 1520 14700 2020 12 23 640 1500 14 10800

BIB 02 56 30 2.3 2150 125000 151 246 20 2340 163000 3 179000 43 11200 7 1880 20400 3180 13 26 430 1920 15 14000

BIB 03 54 X 3.1 1590 230000 81 150 9 1720 100000 2 22200 25 2560 3.5 1340 12700 1390 5 11 810 840 11 10500

BIB 04 57 10 3.2 2130 195000 112 162 12 2520 129000 4 59000 29 4810 4.4 1670 15700 2440 4 14 800 1270 9 13500

BIB 05 53 10 2.5 2190 295000 92 147 7 1730 100000 2 22500 27 2380 2.9 1380 8200 2600 5 9 1070 830 12 11500

BIB 06 48 30 2.5 4000 115000 131 358 24 2460 180000 4 99400 60 9490 9 1280 20100 4140 8 24 430 2500 16 11000

BIB 07 48 20 2.9 3370 170000 126 281 17 2110 152000 4 32400 49 7620 6.3 1560 14800 2680 6 21 610 1790 13 13100

BIB 08 74 10 2.9 2860 155000 130 228 13 2760 120000 3 23300 34 5250 4.5 1640 13200 2030 6 21 780 1260 12 13700

BIB 09 43 20 2.2 3000 170000 116 199 12 2080 138000 3 23400 32 4670 3.8 1700 11200 2300 6 13 740 1090 11 13900

BIB 10 59 10 3.1 3190 135000 120 230 15 2460 135000 4 34100 35 7570 4.9 1960 14900 3540 6 16 580 1310 13 14400

Max 74 30 3.2 4000 295000 151 358 24 2760 180000 4 179000 60 11200 9 1960 20400 4140 13 26 1070 2500 16 14400

Mean 55 19 2.7 2592 186500 116 219 14 2238 133100 3.1 60330 37 5869 5.2 1593 14590 2632 7.1 17.8 689 1431 12.6 12640

Max/1QM 1.5 3.0 3.0 3.0 1.7 2.6 6.2 3.9 2.0 3.6 4.0 12.8 3.3 10.1 5.3 2.4 4.0 5.6 3.8 6.0 1.9 5.7 1.3 3.8

BINCHESTER INDUSTRIAL AREA DATA in ppb

SAMPLE Ag As Au Ba Ca Cd Ce Co Cu Fe Hg K La Mn Nb Ni P Pb Sb Sn Sr Ti U Zn

BII 01 72 10 1.6 1450 345000 78 132 12 1880 88000 2 107000 38 2300 4.3 955 11800 2310 5 12 740 1100 22 6460

BII 02 63 20 1.5 1780 295000 88 190 15 1760 118000 2 76400 49 2930 5.8 970 13800 3490 7 13 610 1590 24 6670

BII 03 55 20 1.3 1740 315000 82 182 15 1670 102000 1 144000 48 2640 4.7 869 11700 2610 5 13 630 1370 25 5290

BII 04 63 20 1.6 1700 345000 60 176 17 2350 110000 2 155000 55 2240 6.3 673 11000 1900 5 12 620 1620 29 2730

BII 05 60 20 1.1 1780 305000 80 217 19 5210 137000 3 74100 56 3300 4.8 950 11900 1820 6 12 640 1500 28 8610

BII 06 69 10 1.3 2280 445000 68 181 19 6790 85000 3 77400 50 1830 3.2 844 5100 1520 5 10 950 933 38 3310

BII 07 54 20 1.2 1930 365000 62 212 19 2480 111000 1 71700 62 2450 5.2 945 9100 1420 5 10 650 1450 28 3930

BII 08 57 X 1.2 1580 365000 55 139 13 2050 70000 1 89500 43 1600 2.8 882 6300 1220 4 6 700 836 23 2880

BII 09 55 20 0.9 1690 380000 61 177 19 1860 98000 2 73300 54 2920 5.4 763 12000 1870 5 11 690 1530 30 3270

BII 10 51 20 1.3 1290 305000 81 176 14 1330 84000 1 97400 43 4160 3 846 9500 1950 5 6 580 1010 24 5120

BII 11 64 20 1.1 1550 385000 72 152 14 1400 92000 1 67400 42 2320 4.7 951 10200 1380 5 7 810 1400 28 4510

BII 12 76 10 1.8 1130 435000 59 82 9 1450 70000 X 145000 28 1360 2.8 946 9000 780 3 8 1020 789 21 4690

Max 76 20 1.8 2280 445000 88 217 19 6790 137000 3 155000 62 4160 6.3 970 13800 3490 7 13 1020 1620 38 8610

Mean 62 17 1.3 1658 357083 71 168 15 2519 97083 1.7 98183 47 2504 4.4 883 10117 1856 5 10 720 1261 26.7 4789

Max/1QM 1.5 2.0 1.7 1.7 2.6 1.5 3.8 3.1 4.8 2.8 3.0 11.1 3.4 3.8 3.7 1.2 2.7 4.7 2.0 3.0 1.8 3.7 3.1 2.3

BINCHESTER STOCK YARD AREA DATA in ppb

SAMPLE Ag As Au Ba Ca Cd Ce Co Cu Fe Hg K La Mn Nb Ni P Pb Sb Sn Sr Ti U Zn

BIS 01 52 10 0.9 2420 465000 83 159 10 1200 82000 3 13600 37 1640 3.6 1030 5600 1290 6 8 1180 859 37 7520

BIS 02 68 10 1.2 2090 495000 68 79 7 1540 50000 2 15800 23 1180 1.9 934 5000 750 3 4 1180 502 30 5010

BIS 03 77 10 1.2 1850 490000 72 74 6 1340 45000 2 13600 19 1440 1.9 1000 5700 1080 4 6 1390 449 28 6080

BIS 04 83 10 1.6 1480 510000 67 43 6 1480 45000 1 37100 14 1420 1.5 928 9000 770 4 5 1400 421 22 5460

BIS 05 85 10 1.6 1470 495000 60 41 5 1480 40000 2 21000 14 1200 1.4 869 6600 620 3 4 1190 353 21 4830

BIS 06 94 10 2.3 1110 495000 49 34 6 2360 47000 X 16400 15 1110 1.8 878 8400 560 3 5 1160 446 22 4750

BIS 07 77 10 1.7 1320 530000 74 61 8 1950 60000 2 21500 19 1440 2.1 1130 8500 830 4 5 1500 544 23 6700

BIS 08 73 X 1.4 1250 485000 62 51 6 1500 48000 1 30900 16 1120 1.6 931 7300 670 3 3 1310 388 20 5250

BIS 09 68 10 1.2 1450 445000 87 98 8 2280 65000 2 18300 25 1810 2.3 1200 7900 1050 4 7 1200 586 26 8170

BIS 10 98 X 2.7 1880 485000 74 62 7 1710 52000 2 11800 21 1120 1.8 969 6000 810 4 5 1400 452 27 7480

BIS 11 57 X 0.9 2170 495000 73 100 7 1440 57000 1 12800 28 1130 1.9 943 4700 930 4 4 1310 535 30 5580

BIS 12 63 10 2 2610 550000 59 74 6 1840 61000 1 11300 22 720 1.7 714 3300 850 4 4 1450 383 32 4030

BIS 13 92 10 2 2260 505000 68 109 7 2130 70000 3 12300 29 1020 1.8 948 4000 860 5 8 1390 522 31 5600

Max 98 10 2.7 2610 550000 87 159 10 2360 82000 3 37100 37 1810 3.6 1200 9000 1290 6 8 1500 859 37 8170

Mean 76 10 1.6 1797 495769 69 76 6.8 1712 55538 1.8 18185 22 1258 1.9 960 6308 852 3.9 5.23 1312 495 26.8 5882

Max/1QM 1.9 1.0 2.5 2.0 3.2 1.5 2.8 1.6 1.7 1.7 3.0 2.7 2.0 1.6 2.1 1.5 1.8 1.7 1.7 1.8 2.6 2.0 3.0 2.2
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Table 8.2 Binchester elemental means (ppb) and mean geochemical contrast values on a 

Functional Area basis. 

 

 

On the basis of this analysis, the ‘elements of interest’ considered to be of potential 

anthropogenic importance at Binchester are; Ag, As, Au, Ba, Ca, Cd, Ce, Co, Cu, Fe, Hg, K, 

La, Mn, Nb, P, Pb, Sb, Sn, Sr, Ti, U and Zn.  

  

 

8.6.4 Correlation Analysis 

 

As a result of the Shapiro-Wilk tests the Binchester MMI analyses were subjected to 

correlation analysis using the raw data transformed to log10 form. Elements which returned 

concentrations < LLD for > 40% of the samples were excluded from the analysis. The 

correlation matrix for all elements is shown in Appendix 8.3. An abbreviated version of the 

correlation matrix showing Pearson ‘r’ values for selected elements of interest is shown in 

Table 8.3. The strength of elemental association is indicated by colour shading. The matrix 

shows that there is a very strong (red) association between the REEs, and very strong to 

strong (ochre) association between most other elements particularly the metals. Calcium and 

Sr show a strong (r = 0.80) positive relationship, and Sr has moderately strong negative 

relationships (blue) with several elements. 

 

The correlation analysis shows that there are no strong indications of anthropogenic 

relationships, except perhaps for the Sr-Ca relationship. This is unlikely because such a 

relationship between these two elements is very common in natural environments. 

 

 

 

ELEMENT Ag As Au Ba Ca Cd Ce Co Cu Fe Hg K La Mn Nb Ni P Pb Sb Sn Sr Ti U Zn

BATH HOUSE Mean 55 19 2.7 2592 186500 116 219 14 2238 133100 3 60330 37 5869 5.18 1593 14590 2632 7 18 689 1431 13 12640

INDUSTRIAL Mean 62 17 1.3 1658 357083 71 168 15 2519 97083 1.7 98183 47 2504 4.42 883 10117 1856 5 10 720 1261 27 4789

STOCK YARD Mean 76 10 1.6 1797 495769 69 76 7 1712 55538 1.8 18185 22 1258 1.95 960 6308 852 4 5 1312 495 27 5882

BATH HOUSE Max/1QM 1.5 3.0 3.0 3.0 1.7 2.6 6.2 3.9 2.0 3.6 4.0 13 3.3 10.1 5.3 2.4 4.0 5.6 3.8 6.0 1.9 5.7 1.3 3.8

INDUSTRIAL Max/1QM 1.5 2.0 1.7 1.7 2.6 1.5 3.8 3.1 4.8 2.8 3.0 11 3.4 3.8 3.7 1.2 2.7 4.7 2.0 3.0 1.8 3.7 3.1 2.3

STOCK YARD Max/1QM 1.9 1.0 2.5 2.0 3.2 1.5 2.8 1.6 1.7 1.7 3.0 2.7 2.0 1.6 2.1 1.5 1.8 1.7 1.7 1.8 2.6 2.0 3.0 2.2
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Table 8.3 Correlation Matrix for selected elements using log10 transformed data for selected 

elements. The Pearson ‘r’ coefficients are colour coded to demonstrate the strength of 

elemental association.  

 

 

8.6.5 Principal Component Analysis (PCA) 

 

Principal components analysis (PCA) was performed in R (R Core Team, 2015). Principal 

component biplots for the first 2 components were calculated using concentrations of selected 

elements (Ag, Au, Ba, Ca, Cd, Ce, Co, Cu, Fe, Hg, K, La, Mn, Nb, Ni, P, Pb, Sb, Sn, Sr, Ti, 

U, Zn) from MMI extraction of soil at Binchester. Concentrations were transformed using 

centred log-ratios. Principal components were calculated after the removal of below-detection 

concentrations (listed as missing data) and with below-detection concentrations replaced by 

half the lower detection limit for each element. The resulting two biplots were very similar, 

and only the biplot with below detection limit samples removed is shown in Figure 8.10. 

 

The analysis showed that the first three principal components accounted for a cumulative 

total of 78.4% of the variance (PC1 43.8%, PC2 26.3%, PC3 8.4%). PC1 has the greatest 

positive loadings from Ce, Nb, Ti (refractory) and greatest negative loadings from Ag, Ca 

and Sr. PC2 has greatest positive loadings from La, U (REE) and greatest negative loadings 

from Cd, Fe, Mn, Ni, Zn (possibly anthropogenic) and shows the best separation of functional 

Ag As Au Ca Cd Ce Co Cu Fe Hg K La Mn Nb P Pb Sb Sn Sr Ti Tl U Zn

Ag 1

As 0.82 1.00

Au 0.85 0.93 1.00

Ca -0.37 -0.12 -0.28 1.00 1.00 r value

Cd 0.87 0.90 0.96 -0.22 1.00 > 0.9

Ce 0.84 0.88 0.95 -0.47 0.91 1.00 0.8-0.9

Co 0.84 0.89 0.98 -0.37 0.95 0.96 1.00 0.7-0.8

Cu 0.81 0.84 0.87 -0.23 0.91 0.86 0.87 1.00 < -0.7

Fe 0.85 0.91 0.98 -0.36 0.96 0.98 0.99 0.89 1.00

Hg 0.85 0.86 0.93 -0.40 0.90 0.95 0.93 0.82 0.94 1.00

K 0.71 0.80 0.86 -0.38 0.78 0.80 0.85 0.69 0.83 0.76 1.00

La 0.85 0.93 0.98 -0.35 0.94 0.98 0.98 0.86 0.99 0.95 0.84 1.00

Mn 0.86 0.90 0.97 -0.25 0.99 0.91 0.96 0.93 0.96 0.90 0.80 0.94 1.00

Nb 0.85 0.89 0.98 -0.37 0.95 0.97 0.99 0.89 0.99 0.94 0.84 0.98 0.96 1.00

P 0.86 0.92 0.97 -0.36 0.95 0.99 0.97 0.90 0.99 0.96 0.81 0.99 0.95 0.98 1.00

Pb 0.86 0.91 0.99 -0.35 0.97 0.96 0.99 0.89 0.99 0.94 0.85 0.98 0.97 0.99 0.98 1.00

Sb 0.83 0.89 0.90 -0.29 0.93 0.89 0.89 0.96 0.92 0.85 0.73 0.89 0.95 0.90 0.92 0.92 1.00

Sn 0.86 0.92 0.98 -0.33 0.97 0.96 0.98 0.89 0.99 0.93 0.83 0.98 0.98 0.98 0.98 0.99 0.93 1.00

Sr -0.71 -0.58 -0.71 0.80 -0.64 -0.77 -0.76 -0.58 -0.73 -0.75 -0.77 -0.73 -0.67 -0.75 -0.73 -0.74 -0.63 -0.71 1.00

Ti 0.86 0.90 0.97 -0.40 0.94 0.97 0.99 0.88 0.99 0.94 0.85 0.98 0.95 1.00 0.98 0.99 0.90 0.98 -0.77 1.00

Tl 0.87 0.94 0.98 -0.28 0.97 0.96 0.96 0.92 0.98 0.94 0.81 0.98 0.97 0.97 0.98 0.98 0.95 0.98 -0.69 0.96 1.00

U 0.83 0.89 0.94 -0.43 0.90 0.99 0.95 0.84 0.97 0.95 0.79 0.98 0.90 0.96 0.98 0.96 0.87 0.95 -0.75 0.97 0.94 1.00

Zn 0.86 0.94 0.99 -0.23 0.97 0.94 0.96 0.86 0.97 0.93 0.83 0.98 0.96 0.96 0.97 0.98 0.90 0.98 -0.68 0.96 0.98 0.93 1

Ag As Au Ca Cd Ce Co Cu Fe Hg K La Mn Nb P Pb Sb Sn Sr Ti Tl U Zn



338 

 

areas. PC3 has greatest positive loading from Ba, Ce, La (possibly related to lithology) and 

greatest negative loadings from K, P (which may represent agricultural inputs).  

 

 

Figure 8.10 Biplot for principal components analysis (PCA) of MMI compositional data for 

soil samples from Binchester. Individual samples and their archaeological context are 

displayed. 

The Principal Component Analysis (PCA) identified several possible groups of elements. 

One group, containing the elements Sr, Ag, Cc, Cu, Ba and U shows an association with the 

Stock Yard samples. A second group comprised of K, Co and La is associated with Industrial 

Area samples and a third group comprised of Fe, Sn, Pb, Mn and P shows association with 

Bath House samples. In addition, a group comprised of Au, Cd, Ni, Hg, Sb and Zn plots 

between the Stock Yard and Bath House samples, whilst the group composed of Ce, Nb and 

Ti plots between the Bath House and Industrial Area samples. 
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8.6.6 X-Y Elemental Plots 

 

To further examine the relationships suggested by the correlation matrix a series of log10 X-Y 

plots were constructed (Appendix 8.5). The strength of the association between the two 

elements in the X-Y plot has been gauged by the R
2
 value for the regression line. Values >0.9 

are deemed very strong, 0.8-0.9 strong, 0.7-0.8 moderately strong, 0.5-0.7 moderate, 0.2-0.5 

weak and <0.2 very weak. The diminished R
2 

values returned for many relationships may be 

due to the limited sample numbers. Examples of plots which reveal potentially significant bi-

element association are shown in Figure 8.11. 

The PCA and the correlation analysis showed that Pb has moderate to strong positive 

associations with ferrous and refractory metals. This is confirmed by the strong Pb-Fe 

relationship (R
2
 = 0.83) and that for Pb-Sn (R

2
 = 0.74) shown by the X-Y plots. The Pb-Sb 

relationship is affected by two Sb outliers at elevated Sb concentration, which may have 

relevance to metal processing believed to have been carried out on the site (Dr David Petts, 

pers. comm.). 

 

Zinc demonstrates a moderately strong relationship with geochemically coherent Cd (R
2
 = 

0.79) as is reflected in the PCA biplot in Figure 8.10 .The strong to very strong relationship 

between the refractory metals is demonstrated by the Nb-Ti plot (R
2
 = 0.98) and also their 

close spatial relationship in the PCA biplot. That between the ferrous and refractory metals is 

also strong as exhibited by the Fe-Nb plot (R
2
 = 0.87) but less so in the PCA biplot. 

 

A strong positive correlation was shown between Ca and Sr in the correlation matrix (r = 

0.80). Examination of the X-Y plot suggests that there may be two discrete associations 

present. Examination of the PCA biplot shows that whilst Sr is characteristic of the Stock 

Yard context, Ca plots between the Stock Yard and the Industrial Area. This may be 

indicative of its presence in both areas. One association may be lithologically related, but the 

other, at higher Ca and Sr concentrations may be anthropogenically related, as has been 

previously observed at Easter Tombrek and by others (Haslam and Tibbett, 2004). 

 

The Ce-La plot (R
2
 = 0.81) demonstrates the usual close relationship between the REEs.  
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Figure 8.11 X-Y elemental plots of log10 transformed data for selected elemental pairs. 
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8.6.7 Elemental Distribution Plots 

To examine the patterns of areal distribution of the elements of interest and to visualise the 

correspondence between elemental concentrations and possible archaeological features, the 

raw data for each element were plotted as concentrations on a base of the magnetic 

gradiometry for each Functional Area. These plots are shown in full in Appendix 8.6. Plots 

for selected elements for each Functional Area are shown in Figures 8.12 to 8.15.  

The Bath House Drainage Area geochemistry was plotted on the magnetic gradiometry 

base map so as to relate the sampling to underlying interpreted archaeology. The annotated 

base plan is shown in Figure 8.12. The magnetics show the fence (white) running SE to NW 

across the NE part of the area, the bath house drainage trench (black) running diagonally SW 

to NE across the centre of the area and the bath house structure represented by the white and 

black rectangular pattern in the SW of the area and from which the drainage channel emerges. 

There is a buried water pipe running from the NW corner of the image in an ESE direction. It 

crosses beneath the fence near the location of the most northerly sample (BIB6). The area to 

the SW of the fence appears to show magnetic evidence of the presence of many structures, 

represented by a SW-NE oriented rectilinear grid, defined by white linear features, which are 

probably walls.  

The Bath House Drainage Area contains strongly anomalous concentrations of  Mn, K, Ce, 

Sn, Hg, Pb, Ti, Nb  and P as well as moderately anomalous concentrations of Au, As, Ba, Co, 

Fe, La, Sb and Zn. The highest elemental means for As, Au, Ba, Cd, Ce, Fe, Hg, Mn, Nb, Ni, 

P, Pb, Sb, Sn, Ti and Zn are found in the Bath House Drainage Area. Both Cd and Zn are at 

relatively elevated concentrations. The highest concentrations for most elements are found in 

samples BIB1 and BIB2.These observations are supported by the spatial association of Pb, P, 

Sn, Fe and Mn with the Bath House context samples in the PCA biplot. The elements Ce, Ti, 

Nb form the group which in the PCA biplot are situated between the Bath House and 

Industrial Area whilst Zn, Hg, Sb, Cd and Au form part of the group that falls between the 

Bath House and the Stock Yard samples. These two elemental groups are probably of mixed 

provenance. 

Elemental areal distribution plots for the Bath House Drainage Area are shown in Figures 

8.13(a – d) for the anomalous elements (LGC > 3) Pb, Sn, Co, Fe, Mn, Ti, Nb, P, Cu, K, Ca, 
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Zn, Au and Ce. The colour coded elemental concentrations are plotted on the magnetic 

gradiometry base. 

   

Figure 8.12 Magnetic gradiometry of the Binchester Bath House Drainage Area with 

interpreted features and MMI sample locations shown. Magnetic gradiometry after 

Archaeological Services, Durham University. Magnetic field gradient greyscale range is from 

-5 nT (white) to +5 nT (black). The white colouring associated with the fence is a result of 

the absence of data rather than low readings. 
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Figure 8.13a Spatial distribution of MMI concentration categories for Pb (left) and Sn (right) 

in the Bath House Drainage Area plotted on the magnetic gradiometry base map (base map 

from Archaeological Services, Durham University).  
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Figure 8.13b Spatial distribution of MMI concentration categories for Co, Fe, Mn and in the 

Bath House Drainage Area plotted on the magnetic gradiometry base map (base map from 

Archaeological Services, Durham University. 
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Figure 8.13c Spatial distribution of MMI concentration categories for Nb, P, Cu and K and in 

the Bath House Drainage Area plotted on the magnetic gradiometry base map (base map from 

Archaeological Services, Durham University 
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Figure 8.13d Spatial distribution of MMI concentration categories for Ca, Zn, Au and Ce in 

the Bath House Drainage Area plotted on the magnetic gradiometry base map (base map from 

Archaeological Services, Durham University.  
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The areal distribution plots show that there is a very similar elemental distribution pattern for 

Pb, Mn, Fe, Co, Mn, Ti, Nb and P, with the most elevated concentrations being contained by 

samples BIB1 and BIB2, located just south of the drainage channel and at the margin of the 

Bath House, and in BIB6 which is located near the fence, about 20 m north of the drainage 

channel. This group of elements all have means higher in the Bath House Drainage Area than 

in the other two areas investigated. This is also the case for Zn and Au and, whilst not plotted 

here, Cd, Ba, Ni and Sb. 

 

Whilst it is possible that the elevated concentrations of Pb, Mn, Fe, Co, Mn, Ti, Nb and P in 

BIB1 and BIB2 are related to activities associated with the Bath House, it may be that the 

elevated concentrations in BIB6 are related to recent activities. Copper and Ce are also 

present at elevated concentration in BIB6. 

 

Copper is present in the Bath House Drainage Area at relatively high concentration (mean 

2238 ppb) but has low GC (2.0), indicating that the site in general is somewhat elevated in 

Cu. Whilst Cu is elevated in BIB6, the maximum in this area occurs in BIB8, located above 

the drainage channel. Overall, the higher Cu concentrations are found in the eastern side of 

the area. It appears Cu is unlikely to have anthropogenic significance in this area. 

 

Potassium displays a distribution pattern similar to that of the first group of elements (Pb, 

Mn, Fe, Co, Mn, Ti, Nb and P) but the higher concentration samples are more definitely 

situated near the Bath House. Samples BIB1 and BIB2 are about 3-4 × more concentrated in 

K than neighbouring samples. The highest concentration of phosphorus also occurs in the 

Bath House Drainage Area and it is possible that the enrichment in K and P may be 

contributed to by anthropogenic activity, as it has been it suggested that the combination of 

raised P and K concentrations are indicators of human habitation with the addition of human and 

animal excreta and bone, and wood ash (Entwistle et al., 1998, Entwistle et al., 2000). 

Similarly, Ca displays higher concentration in samples from the west of the area, around the 

Bath House (BIB1, BIB3) and above well-defined structures (BIB5). It was previously found 

(Parsons, 2012) that Ca was strongly enriched in the samples taken from the Tannery 

excavation pits, which are located only 100 m to the NW. It is likely that Ca has an 

anthropogenic contribution in this area. 
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Zinc is present at high concentration in the Bath House Drainage Area (mean 12,640 ppb, GC 

3.8 ×) and at levels 3 × greater than in the other areas. The greatest concentration is in BIB2 

at the Bath House margin, but it has an equally high concentration (14,000 ppb) in BIB10 to 

the east and in BIB9, adjacent to it and close to the drainage channel. It is likely that there 

anthropogenic influence in the Zn concentrations recorded here. 

 

Gold is present at weakly anomalous levels over the whole site (1.5-3 ppb), with highest 

concentrations being in the Bath House Drainage Area (mean 2.7 ppb, GC 3.0 ×). It is spread 

broadly across the area (range 2.2-3.2 ppb) rather than being concentrated in a specific area. 

It is similar to the situation observed at Calleva and characteristic of areas that have 

undergone human occupation (Mann and Sylvester, 2015). 

 

Cerium is concentrated in BIB6 and shows little similarity in distribution to elements other 

than the REEs in this area 

The Industrial Area geochemistry was plotted on the magnetic gradiometry base plan so as 

to relate the sampling to underlying interpreted archaeology. The annotated base plan is 

shown in Figure 8.14. The magnetics show a number of large dipole anomalies, possibly 

indicative of ancient hearths or furnaces in an otherwise magnetically flat area in the north. 

The centre of the image is dominated by an area of positive magnetic anomalism (possibly 

rooms of buildings) interspersed with linear negative magnetic features which may represent 

wall positions. A number of extensive linear negative magnetic features, running NE-SW, are 

prominent. They may be indicative of walls. A strong magnetic trace of the high voltage 

power cables, which cross this area, is apparent. 

 

The Industrial Area displays strongly positive anomalous concentrations of K, Cu and Pb and 

Co, Ce, Hg, La, Mn, Sn and Ti at positively anomalous concentration levels. These 

observations are supported by the spatial association of K, Co, La and possibly Ti with the 

Industrial Area context samples in the PCA biplot (Figure 8.10).  

 

Distribution plots for Pb, Cu, K, Zn, Co, Fe, Mn, Sn, Ti, P, Au and Ag (all elements which 

displayed elevated geochemical contrast in this Functional Area) are displayed in Figure 8.15. 
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Figure 8.14 Magnetic gradiometry of the Binchester Industrial Area with interpreted features 

and MMI sample locations shown. Magnetic gradiometry after Archaeological Services, 

Durham University. Magnetic field gradient greyscale range is from -5 nT (white) to +5 nT 

(black). 

 

Few systematic elemental areal distribution associations are evident from these plots. Gold 

and silver show a similar distribution, with maximum concentrations occurring in samples 

within the vicinity of hearth/furnace sites. However, the concentration of both of these 

elements is relatively low (Ag 76 ppb, Au 1.8 ppb). Tin and Ti display a broadly similar 

distribution pattern, being more concentrated in samples on the western sampling line and 

covering the possible building structure. 
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Figure 8.15a Spatial distribution of MMI concentration categories for Pb, Cu, K and Zn in the 

Industrial Area plotted on the magnetic gradiometry base map (base map from 

Archaeological Services, Durham University.  
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Figure 8.15b Spatial distribution of MMI concentration categories for Co, Fe, Mn and Sn in 

the Industrial Area plotted on the magnetic gradiometry base map (base map from 

Archaeological Services, Durham University.  
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Figure 8.15c Spatial distribution of MMI concentration categories for Ti, P, Au and Ag in the 

Industrial Area plotted on the magnetic gradiometry base map (base map from 

Archaeological Services, Durham University.  
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Samples BII3, BII4 and BII5 are located above, or adjacent to, the noted building structure. 

Variously elevated concentrations of Pb, Zn, Cu, Co, Fe, Mn, Sn, Ti and K are present in one 

or more of these samples and it is possible that these elements are generating a weak 

indication of human habitation and/or metal processing. A strong gamma ray response 

(details not available) was obtained from the BII5 site during limited testing at the time of the 

MMI sampling (Clare Wilson, pers. comm.) and could be indicative of a hearth site beneath 

this sample location. This interpretation is uncertain as none of these elements are present in 

this area in anomalously elevated (4
th

 quartile) concentrations. Nonetheless, there is sufficient 

encouragement to justify some further limited investigation, particularly in the vicinity of 

samples BII4 and BII5.   

 

Sample BII11was located immediately over a magnetic dipole anomaly indicative of a 

hearth/furnace. This sample showed a small elevation in the concentration of Ti, Fe, Mn, Co 

and Zn. It may be a very weak signature associated with an iron forge. 

 

The Stock Yard Area geochemistry was plotted on the magnetic gradiometry base plan so as 

to relate the sampling to underlying interpreted archaeology. The annotated base plan is 

shown in Figure 8.16. The magnetic gradiometry image shows a number of rectangular 

structures trending in a NNE-SSW direction. An area of relatively uniform magnetic field 

strength in the NW corner of the image contains a number of circular white features which 

have a central black area. These magnetic dipole anomalies are possibly hearth or furnace 

sites. The high voltage power line crossing the area is evident as a linear black and white line 

traversing the image in a WSW- ENE direction in south of the area.  

 

The Stock Yard Area contains widespread anomalous concentrations of Ca and Sr as well as 

elevated concentrations of Pb, Sn, Fe, Mn, Ce, Nb, Ti, Cu, Au, Ag, Zn, Cd, Co, P and K in 

some samples. The PCA biplot (Figure 8.10) shows the clear association of Sr, Ag, Ca and 

Cu with the Stock Yard samples, even though the concentration of Cu in the Stock Yard Area 

is lower than in the other two areas (see Cu means in Table 8.2). 

 

Elemental areal distribution plots for the Stock Yard Area are shown in Figure 8.17 for the 

elements Pb, Sn, Fe, Mn, Ce, Nb, Ti, Cu, Au, Ag, Zn, Cd, Co, P, and Ca. The colour coded 

elemental concentrations are plotted on the magnetic gradiometry base. 
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Figure 8.16 Magnetic gradiometry of the Binchester Stock Yard Area with interpreted 

features and MMI sample locations shown. Magnetic gradiometry after Archaeological 

Services, Durham University. Magnetic field gradient greyscale range is from -5 nT (white) 

to +5 nT (black). 

 

 

The plots indicate different areal distribution patterns for a number of groups of elements. 

Lead, Sn, Fe, Mn and Ce (Group 1) show a similar distribution, with more elevated 

concentrations in the north of the area. Sample BIS1 has the highest concentration for most of 

these elements. Samples BIS3, BIS9 and BIS13 contain elevated concentrations of many of 

these elements. These samples (not BIS13) were all taken from soils above what appear to be 

building structures. BIS13 is underlain by relatively flat magnetic gradiometry, but as there 

are a number of weak magnetic dipoles in that area, it could be near a hearth. Titanium and 

Nb display a distribution pattern similar to, but weaker than the Group 1 elements. 
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Figure 8.17a Spatial distribution of MMI concentration categories for Pb, Sn, Fe and Mn in 

the Stock Yard Area plotted on the magnetic gradiometry base map (base map from 

Archaeological Services, Durham University.  
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Figure 8.17b Spatial distribution of MMI concentration categories for Ce, Nb, Ti and Cu in 

the Stock Yard Area plotted on the magnetic gradiometry base map (base map from 

Archaeological Services, Durham University.  
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Figure 8.17c Spatial distribution of MMI concentration categories for Ag, Au, Zn and Cd in 

the Stock Yard Area plotted on the magnetic gradiometry base map (base map from 

Archaeological Services, Durham University.  
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Figure 8.17d Spatial distribution of MMI concentration categories for Co, P, K and Ca in the 

Stock Yard Area plotted on the magnetic gradiometry base map (base map from 

Archaeological Services, Durham University.  
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Copper, Au and Ag (Group 2) display very similar areal distribution patterns, with the 

greatest concentrations being in samples BIS6, BIS9 and BIS13. The latter two samples also 

show elevated concentrations of Group 1 elements. 

 

Zinc, Cd and Co (Group 3) display elevated concentrations in samples from the north and 

east of the area. BIS1, BIS9, BIS7, BIS10 and BIS13 all display elevated concentrations of 

Group 2 elements.  

 

Phosphorus, and to lesser extent K, display elevated concentrations in samples (BIS6-BIS9) 

from the SE of the area and the distribution pattern overlaps, to some degree, that for the 

Group 2 elements. Calcium shows an irregular areal distribution and is similar to that of Sr. 

 

The widespread elevated concentration of Ca and Sr, as well as the elevated concentration of 

P and K in an area believed to have carried cattle, is strong evidence of anthropogenic 

influence in the MMI soil geochemical data in this area.   

 

 

8.6.8 Spatial distribution of element indices 

 

No multielement indices were calculated for the Binchester site, because the three areas 

worked on were widely separated, each had a limited number of samples (12 maximum in the 

Stock Yard Area) and the three areas differed considerably in geochemical composition.  

 

8.7 Discussion of results 

 

When compared with the northern England GEMAS data, the MMI soil analyses of the 

Binchester site show elevated concentrations of all elements measured. However, when 

comparison was made between the GEMAS means and the elemental concentrations in a 

single Binchester background sample (BIS13), it was found that there was also enrichment in 

the Binchester background sample for Ag (5.1 ×), Au (4.4 ×), Hg (3.3 ×), Li (7.3 ×) and Sn 

(8.2 ×). Whilst the differences between this sample and the GEMAS data may not necessarily 
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be anthropogenic, the area has seen continuous habitation for over 2000 years and it has been 

shown that Ag and Au are indicators of human habitation (Mann and Sylvester, 2015) and 

traces of metals commonly indicate past metal-processing activity (Aston et al., 1998), as is 

known to have taken place at Binchester. Tin and Hg have also been found to show 

enrichment in ancient dwellings (Cook et al., 2006, Oonk et al., 2009b). 

 

Whilst the overall site MMI geochemistry shows K, Mn and Sn to be present in anomalous 

concentrations, the background concentrations (from BIS13) of K and Mn are low (compared 

with the GEMAS regional means).This indicates that areas where human activities have been 

significant show enrichment in these two elements, as BIS13 was specifically taken in a 

location where it was believed human activity had been minimal. It is likely that the K 

enrichment is due to the past (and possibly current) presence of human and/or animal 

occupation (Cook and Heizer, 1965, Entwistle et al., 1998, Entwistle et al., 2000, Knudson et 

al., 2004) or accumulation of vegetation (timber?) residue -either ash or rotted, as it is well 

known that high K is required to grow most trees, and this returns to the soil after their death. 

Manganese enrichment has been associated with human dwellings and waste (Lutz, 1951, 

Parnell et al., 2002) as has Sn (Oonk et al., 2009b). The elevated Sn concentration may also 

be, in part, be metal-processing related (Aston et al., 1998). 

 

At the Functional Area level there are considerable differences between the three areas 

investigated. The Bath House Drainage area has elevated concentrations of Ca, K, P, Mn, Sn, 

Hg, Co, Zn, Fe, Ba, Pb, Cd, Ba and Au. Whilst that there is no significant MMI soil 

geochemical signature generated by the Bath House Drainage Channel,  there appear to be 

systematic elemental associations related to the Bath House and possibly some other buried 

structures in the area. Calcium, K and P, which are known indicators of human activities 

(Aston et al., 1998, Cook and Heizer, 1965, Entwistle et al., 1998, Entwistle et al., 2000, 

Holliday and Gartner, 2007, Knudson et al., 2004, Morales et al., 2009, Wilson et al., 2006, 

Wilson et al., 2008, Wilson et al., 2009) are present in anomalously elevated concentrations 

near the Bath House and Bath House drainage channel.  The soil geochemical survey over the 

nearby Roman Tannery detected high Ca and P concentrations indicative of the presence of 

organic matter remains (Parsons, 2012). This finding strengthens the argument that at least 

some of the elevated concentrations of Ca, K and P in this area are associated with human 

activities. Further supporting evidence are the observations (limited though they are, because 

of the small number of samples) that the MMI Ca, Sr, K, Ag, Fe, Zn, Cd and Nb appear to 
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display characteristics of being comprised of more than one population (Shapiro-Wilk 

Normality test and Gaussian density plots) and that Ca and Sr may display two populations in 

the X-Y plot of those elements. This is demonstrated by the clear grouping of a number of 

these bivariate relationships by Functional Area. Figure 8.18 demonstrates this for the pairs 

Ca–Sr, Ag-Fe, Cd-Zn and Nb-Fe. 

 

Figure 8.18a MMI log Ca v log Sr plotted by Functional Area. The plot clearly demonstrates 

the discrete grouping of these elemental pairs by Functional Area.  

 

Figure 8.18b MMI log Fe v log Ag plotted by Functional Area. The plot clearly demonstrates 

the grouping of these elemental pairs by Functional Area.  
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Figure 8.18c MMI log Zn v log Cd plotted by Functional Area. The plot clearly demonstrates 

the grouping of these elemental pairs by Functional Area.  

 

Figure 8.18c MMI log Fe v log Nb plotted by Functional Area. The plot clearly demonstrates 

the grouping of these elemental pairs by Functional Area.  

 

Manganese, Sn, Hg, Co, Zn, Fe, Ba, Pb, Cd, Ba and Au display elevated concentrations in the 

Bath House Drainage Area samples. Elevated concentrations of Sn, Hg, Co, Zn, Fe, Ba, Pb, 

Cd, Ba have been found to be associated with human habitation (Aston et al., 1998, Davidson 

et al., 2006, Entwistle et al., 1998, Middleton, 2004, Middleton and Price, 1996, Oonk et al., 
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2009a, Wilson et al., 2008) and with metal-processing (Cook et al., 2010, Cook et al., 2005, 

De Vleeschower et al., 2007, Dungworth et al., 2013, Grattan et al., 2007, Maskall et al., 

1995, Timberlake, 2003). There is reason to believe that the anomalous metal concentrations 

found near the Bath House and the Bath House drainage channel are of human derivation.  

MMI gold is ubiquitously anomalous, also probably the result of human presence (see Mann 

and Sylvester, 2015). 

 

The Industrial Area displays strongly anomalous concentrations of K, Cu and Pb. It also 

contains Ce, Co, Hg, La, Mn, Sn and Ti at anomalous concentrations. The elevated 

concentration of K, Cu, Pb, Co, Hg, Mn and Sn may result from human presence and metal-

processing. It is likely that the Ce, La, and Ti are derived from weathered lithological sources 

elevated in these elements.  

 

The Stock Yard Area contains widespread anomalous concentrations of Ca and Sr as well as 

elevated concentrations of Pb, Sn, Fe, Mn, Ce, Nb, Ti, Cu, Au, Ag, Zn, Cd, Co, P and K in 

some samples. The widespread elevated concentration of Ca and Sr, as well as the elevated 

concentration of P and K in an area believed to have carried cattle, is strong evidence of 

anthropogenic influence in the MMI soil geochemical data in this area.  In addition, the 

association of the elemental groups with building structures and a possible hearth site could 

be indicative of human presence and activity. The elevated concentration of P and K in an 

area which displays a slightly different (and tighter) magnetic gradiometry pattern (the south 

and southeast) to that where the building structures are clear, could be indicative of the past 

presence of animals in this area. The widespread elevated concentrations of Ca and Sr, 

compared with the other Functional Areas, are also significant.  

 

8.8 Conclusions 

 

Elements known to be associated with human and animal presence have been shown to be 

present at elevated concentration in the soils at Binchester in areas where anthropogenic 

presence is known (from excavation) or interpreted (from magnetic gradiometry).  
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Whilst the evidence for anthropogenic influence on the presence the elements K, P, Ca and Sr 

is relatively strong, it is equivocal for the metals even though elemental enrichments spatially 

associated with anthropogenic features have been observed.  

 

The results obtained from this very limited reconnaissance survey have been severely 

hampered by the small number of samples taken from, and absence between each of the 

different Functional Areas and the uncertainty of background elemental concentrations. 

Nonetheless, the work has indicated the benefits of ligand-based partial extractions in this 

archaeological environment. It is believed that were a more comprehensive survey to be 

carried out, more definitive evidence of anthropogenic elemental signatures associated with 

the various functional areas present at Binchester would be established. 
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9. THE FLOWER POT EXPERIMENTS 

 

 

9.1 Introduction 

 

The investigations documented in Chapters 4, 5, 6, 7 and 8 have demonstrated that MMI soil 

analysis is very effective in detecting and defining anthropogenic soil anomalies. In 

addition, the use of MMI has proven to be useful for detecting soil geochemical anomalies 

associated with metallic mineral deposits (Mann, 2010, Mann et al., 2005, Mann et al., 1998, 

SGS, 2006, Hamilton et al., 2001) and interpreting bedrock geology (Reimann et al., 2014, 

Sadeghi et al., 2015) The modelling of the processes of solute cycling and 

adsorption/deposition proposed by Hillel and van Bavel (1976) and enhanced by Greacen 

and Williams (1983) were influential in the formulation of the process model of MMI soil 

anomaly formation proposed by Mann et al. (1995). To test that model, experiments were 

carried out to assess the effect of capillary rise and evaporation on pore water which 

contained dissolved chemical compounds (Mann et al., 2005, Mann et al., 1997) 

As part of Mann’s (1997, 2005) work, experiments were carried out using commercially 

available self-watering flower pots. The pots used were constructed of plastic and consist of 

an upper chamber with a protruding perforated neck which extends into the lower chamber. 

The upper chamber had a depth of 10cm and a diameter of 12cm. The lower chamber is 

designed to contain water. The pots are designed to keep the soil in the upper chamber moist 

by capillary rise of water through the soil in the neck. In the first experiment the upper 

chamber was filled with clean washed silica sand and the lower chamber filled with water 

solutions containing 10ppm Cu, Pb and Cd. Samples of the sand were taken from the zone 

of evaporation, a few cm below surface, on a weekly basis and were subjected to MMI 

extraction and analysis. It was found that measurable concentrations of metals were detected 

after one week with maximum concentrations being reached after about seven weeks (Mann 

et al., 2005). These maxima ranged between 35 and 52 ppm, thereby generating geochemical 

contrast values of between 3.5 and 5.2. In further experiments, a 1cm thick layer of metal 

anomalous ferruginous soil was interlayered with the sand profile. It was found that both the 

iron and metals were transported upward and deposited in the near surface evaporation zone. 

The anomalies were not destroyed by the addition of water to the surface. These experiments 

lead to the proposal of the Capillary Rise and Evaporation model (Mann et al., 2005). 
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The applicability of the Capillary Rise and Evaporation model in explaining the process of 

formation of geochemical anomalies in soils overlying mineral deposits was examined by 

experiments carried out on samples of ore taken from deposits over which geochemical 

anomalies have been investigated. Experiments were carried out on samples of base metal 

sulfide ore from the Scuddles deposit, documented by Smith et al. (1984) and nickel sulfide 

ore from the Nepean nickel deposit (Mann et al., 2005), both in Western Australia. As in the 

ferruginous soil experiment, the ore samples were interlayered within the sand. Significant 

concentrations of metals were detected in samples from the sub-surface evaporation zone in 

about 50 days (Mann et al., 1997). These experiments provided an explanation of the 

processes resulting in the formation of MMI soil geochemical signatures for buried mineral 

deposits. Whilst other processes can contribute to the formation of soil geochemical 

signatures (e.g. bioturbation, plant uptake and leaf litter degradation, frost heave, plant and 

tree heave and numerous others) these are near surface phenomena and less relevant to the 

formation of anomalies which can be generated from buried mineralization at great depth.   

It was hypothesised that the process of formation of anthropogenic soil geochemical 

anomalies could be similar to that which explained the formation of soil geochemical 

anomalies derived from underlying mineral deposits. To test this hypothesis a series of 

flower pot experiments, similar to those carried out by Mann (Mann et al., 2005, Mann et 

al., 1997) were conducted. 

9.2 The current flower pot experiments 

 

The anthropogenic soil geochemical anomalies described in earlier chapters bear great 

similarity to those soil geochemical anomalies which are commonly associated with mineral 

deposits and it is considered that they were probably formed in much the same way. After 

discussions with Dr A.W. Mann it was decided to evaluate this proposition by the 

establishment of self-watering flower pot experiments analogous to those carried out on the 

ore samples. The experiments used a similar experimental configuration to that used in the 

Mann experiments. They tested a range of artefacts and metals from which archaeological 

artefacts are commonly composed. 

 

The experiments were carried out in two phases. In the first phase de-ionized water was used 

as the transport solution. Sea water was used in the second phase in an attempt to speed up 

ionic transport. Whilst the sea water provided a more conductive solution, it is recognised 
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that ionic transport is not necessarily affected by solution conductance and that other factors, 

such as chloride ion concentration and effects on soil cation exchange capacity, may have 

played an important role in the transport.to provide a more conductive solution.  

 

9.2.1 Materials and Methods 

 

Experiments used commercially available décor garden
®
 plastic self-watering 

romanplantpot™ containers, similar to those described above. The pots were 25 cm in 

diameter at the top and 23 cm high. Coarse yellow builder’s sand, derived from sand pits in 

the vicinity of Perth and readily available commercially in Perth, was used as the host 

medium. It is slightly ferruginous, quartzose dune sand containing minor amounts of 

calcareous shelly material. The water used in the first experiment was de-ionized water (pH 

5.8 due to dissolved atmospheric carbon dioxide) obtained from SGS laboratories. The 

seawater used in the second experiments was collected from the Indian Ocean near 

Fremantle, Western Australia. These materials were specifically chosen as they are simple 

and readily available and allow easy future replication. A total of 10 pots were used in the 

experiment. These consisted of a blank, containing only builder’s sand and nine containing 

the following test materials; 

1. Gold – a gold ring and a 1 Kruger Rand gold coin 

2. Silver – a silver spoon, a Spanish coin and an Australian silver (0.999 oz.) 

3. Bronze – fragments of Roman bronze 

4. Brass – a padlock with key and a valve fitting 

5. Lead – pieces of old lead sheeting showing corrosion as white coating 

6. Pewter – a pot and spatula composed tin, minor copper and antimony (but no lead) 

7. Solder - standard lead-tin solder 

8. Solder – silver solder with a high tin content, no lead 

9. Iron – Roman nails 

10. Blank – containing only sand. 

 

The process consisted of half filling the pot with sand (about 8cm), tamping it down to 

exclude any air pockets, placing the test material on the sand in the centre of the pot 

(directly above the neck that extends into the water and through which the water is drawn) 

then covering it with sand (tamped) to near the top of the pot (about 8cm of sand). The sand 
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was watered from the top with de-ionized water (in the first experiment and seawater in the 

second experiment) until saturated. The water receptacle at the base of the pot was then 

filled with water. The water level in the receptacle was topped up daily to ensure the sand 

column remained water saturated. Figure 9.1 shows the pots and some of the materials being 

readied for testing.  

After a period of 52 days each pot was sampled. Approximately 100 g of sand was taken 

from the centre of each pot at a depth of 1-3cm and sent to SGS laboratory in Perth for 

MMI-M extraction and ICP-MS analysis for 53 elements.  

A similar procedure was applied for the sea water experiments. Samples were taken after  

periods of 61 and 173 days.  



374 

 

 

Figure 9.1 The Flower Pot Experiment components. 

 

 

 

 

 

 

 

Figure 9.1 The Flower Pot Experiment. 

 

 

a. Standard commercially available 

plastic self-watering flower pot 

used for the experiment. 

 

 

 

b. Flower pot half filled with 

commercially available yellow 

builders sand, slightly ferruginous 

silica dune sand with traces of 

carbonate shell material. 

 

 

 

c. Silver coins and a silver spoon 

sitting upon the base of builder’s 

sand prior to coverage with more 

sand. 

 

 

 

d. The experiment in operation. Pots 

containing the metallic objects to 

be tested, covered with builder’s 

sand and the water chamber below 

filled with de-ionized water. 
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9.3 Results – Phase 1 

 

Analyses are shown in Appendix 9.1. Analyses for selected elements are shown as raw data 

together with charts showing the elemental concentration of each sample in Appendix 9.2. 

For plotting purposes all values<LLD have been removed.  

 

9.4 Phase 1 Results and Discussion 

 

The analyses of the test materials display quite different results. Some materials produced 

significant elemental responses whilst others displayed little or no response. 

The blank sample displayed elevated concentrations of Ca, Mg, as well as elevated Ba and 

Sr, all of which are probably contributed by the calcareous shell fragments contained within 

the sand. It also contained elevated concentrations (at the ppm level) of K and Al (possibly 

from degraded clay particles) and modest elevations in Pb (120 ppb) and Zn (80 ppb) as well 

as a minor REE contribution. No Fe was detected, even though the sand is brownish in 

colour and contains iron. This is because Fe analyses were only available at the ppm level as 

a result of spectrographic interferences and the concentrations of Fe in the laboratory 

reagents. An elemental plot of the blank sample results is shown in Figure 9.2.  

 

 

 

Figure 9.2 Elemental concentrations in the flower pot sand blank sample taken after 52 days 

– de-ionized water solution. Elements with concentration < LLD are not plotted 
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Brass displayed a strong (> 60 × background) Zn response (5140 ppb compared with the 

blank 80 ppb) with lesser (greater than just accuracy variation) responses from Mn (70 ppb; 

blank 40 ppb) and possibly from Mo (12 ppb; blank 7 ppb) and Ni (8 ppb; blank < LLD). 

There was no Cu enrichment. Figure 9.3 displays the MMI concentration of elements in the 

brass sample after 52 days. 

 

 

 

Figure 9.3 Elemental concentrations in the flower pot sand sample taken from above the 

brass material after 52 days – de-ionized water solution. Elements displaying a significant 

contribution (> 10 × blank) from the tested material are shown in red. a) Brass sample 

BRS52 raw data, b) BRS52 with blank subtracted, with only elements potentially derived 

from the brass shown. The Mn (30 ppb), Mo (5 ppb) and Ni (8 ppb) values are, however, 

more likely to be the result of natural variation in the sand medium than derivative from the 

brass. 
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The enrichment in Zn and lack of enrichment of Cu in this sample is a classic example of the 

process of dezincification of brass (Roberge, 2006). This electrochemical process results 

from the galvanic reaction between the Zn and Cu in the alloy in the presence of water and 

results in the production of zinc ions and Cu metal according to the reactions; 

Zinc anode: Zn(s) → Zn
2+

 + 2 e
- 

Copper cathode: Cu
2+

 + 2e
-
 → Cu(s) 

 

Cu ions produced by oxidation of the surface are reduced to Cu metal which redeposits, 

whereas the Zn ions produced are available to be transported upwards in solution and be 

deposited in the evaporation zone. The measurement of the Zn enrichment in the surface 

sand (relative to the blank) supports the Capillary Rise and Evaporation model.  

 

The rate at which elements will be released (as ions) as a result of electrochemical processes 

is dependent upon their ranking within the Galvanic Series. The larger the galvanic current 

required to mobilize a metal the less reactive (or more Noble) it is. The relative activity of 

metals and common alloys is shown in Figure 9.4 

   

    

Figure 9.4 Ranking of common metals in the Galvanic Series  (Mountain Empire 

Community College).      

The presence of K, Ba, Ca and Sr in the brass sample is probably related to material 

extracted from the sand medium. The blank contains 12,100 ppb K and values range from 
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10,300 to 14,200 ppb in the test samples. The situation is similar for Ba (blank 490 ppb, test 

sample range 420-540 ppb), Ca (blank 55 ppm, test sample range 55-65 ppm) and Sr (blank 

260 ppb, test sample range 210-320 ppb). The variation is most likely due to inhomogeneity 

of the sand, sampling variations and measurement accuracy. It is very unlikely that the K, 

Ba, Ca, and Sr recorded are associated with the artefacts. The variability for medium derived 

elements (Ba, Ca, Cs, K, Mg, Rb and Sr) is low with standard deviations between 6 and 

18%. The difference between the artefact pots and the blank is mostly greater than this 6-

18% for the elements of interest. 

 

The Lead sample was old lead sheet which displayed white surface corrosion. The flower 

pot sample plot (Figure 9.5) displayed a substantial enrichment of Zn (270 ppb compared 

with 80 ppb for the blank), Pb (200 ppb; blank 120 ppb) and elevated concentrations of Mn 

(100 ppb; blank 40 ppb) and Cu (60 ppb; blank 30 ppb. The presence of the metals may be 

explained by dissolution of impurities in the Pb sheet and of the corrosive coating on the 

lead, a likely source of metal ions which could be available for transportation by capillary 

rise. 

The sample also contained elevated concentrations of Sr (300 ppb; blank 210 ppb), Ba (510 

ppb; blank 490 ppb) and Ce (17 ppb; blank 10 ppb). These are most likely related calcium 

carbonate minerals in the sand medium, as evidenced by the relatively elevated Ca 

concentration in the sand (mean 61,500 ppb). It is noteworthy that the concentration of Ca, 

Ce, Ba and Sr are all greater in the near surface sample taken after 52 days exposure to the 

de-ionized water. This is a possible indicator that small quantities of these elements have 

been dissolved from the sand minerals and transported to the surface where they have been 

deposited as a result of evaporation. If this is the case it is supportive evidence for the 

Capillary Rise and Evaporation model.  
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Figure 9.5 Elemental concentrations (blank subtracted) in the flower pot sand sample taken 

from above the lead sample material after 52 days – de-ionized water solution. Elements 

believed to be displaying a contribution from the tested material are shown in red. However, 

as the composition of the Pb sheet artefact was not known, this conclusion is not certain. 

 

Soil sampled above the Silver artefacts showed significant concentrations of Zn (320 ppb; 

blank 80 ppb), Ni (6 ppb; blank 0 ppb), Cu (70 ppb; blank 30 ppb), Mn (70 ppb; blank 40 

ppb), Pb (180 ppb; blank 120 ppb) and but no enrichment in Ag (Figure 9.6). These results 

are indicative of galvanic action (note: no enrichment of Noble Ag) ion production and 

capillary rise. The multi-element sample plot for Ag is displayed in Figure 9.5. 

 

Figure 9.6 Elemental concentrations (blank subtracted) in the flower pot sand sample taken 

from above the silver sample material after 52 days – de-ionized water solution. Elements 

displaying a significant contribution from the tested material are shown in red. 
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Soil sampled above the Pewter sample (Figure 9.7) displayed elevated concentrations of Zn 

(330 ppb; blank 80 ppb), Pb (180 ppb; blank 120 ppb) and Cu (60 ppb; blank 30 ppb). There 

is no enrichment in Sn.  

 

 

Figure 9.7 Elemental concentrations (blank subtracted) in the flower pot sand sample taken 

from above the pewter sample material after 52 days – de-ionized water solution. Elements 

displaying a significant contribution from the tested material are shown in red. 

 

Soil sampled above bronze showed no significant enrichment of any elements characteristic 

of bronze (Cu, Sn Mn, Zn, Ni As) except for Zn (170 ppb; blank 80 ppb) The 52 day Bronze 

plot is shown in Figure 9.8. 

 

    

Figure 9.8 Elemental concentrations (blank subtracted) in the flower pot sand sample taken 

from above the bronze sample material after 52 days – de-ionized water solution. 
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Soil sampled above gold also showed highly elevated Zn (220 ppb; blank 80 ppb) as well as 

a moderate concentration of Pb (150 ppb; blank 120 ppb) and a modest elevation in Mn (60 

ppb; blank 40 ppb) and Cu (40 ppb; blank 30 ppb. There is no Au enrichment. The 52 day 

Gold plot is shown in Figure 9.9. 

 

 

 

Figure 9.9 Elemental concentrations (blank subtracted) in the flower pot sand sample taken 

from above the gold sample material after 52 days – de-ionized water solution. Elements 

displaying a significant contribution from the tested material are shown in red. 

 

Soil sampled above iron showed a modest concentration of Zn (110 ppb; blank 80 ppb), Cu 

(40 ppb; blank 30 ppb) and Mn (50 ppb; blank 40 ppb). Iron is not reported as the analyses 

are only available in the ppm range as a result of spectrographic interferences and the 

concentrations of Fe in the laboratory reagents. No usable Fe data are available. The Iron 

profile is shown in Figure 9.10. 
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Figure 9.10 Elemental concentrations (blank subtracted) in the flower pot sand sample taken 

from above the iron sample material after 52 days – de-ionized water solution. Elements 

displaying a significant contribution from the tested material are shown in red. Note no Fe 

was detected. 

Soil sampled above solder displayed minor enrichment in Zn (110 ppb; blank 80 ppb), Cu 

(40 ppb; blank 30 ppb) and Mn (50 ppb; blank 40 ppb) whereas the Silver Solder sample 

displayed no metal concentration elevation. 

 

The results obtained from these initial experiments showed that some metals are being 

leached from the test pieces, transported upwards and deposited near the surface. This 

observation leads to the inference that anthropogenic soil geochemical anomalies may be 

generated by this mechanism. It is also significant that this has occurred after only 52 days 

using only deionized water. Deionized water contains no ions such as Cl
−
 or SO4

2−
 which 

increase the rate of corrosion of metals (Roberge, 2006), but these ions would probably have 

been present in the sand medium. Zinc was the element most commonly enriched in the 

artefact samples after 52 days. Whilst Zn contamination is common and most plastics 

contain the metal, the observation that the blank sample contained only 80 ppb Zn suggests 

that Zn contamination is unlikely to have been significant source and that the concentrations 

recorded most likely reflect the electrochemistry and relative ease of oxidation of Zn.   

 

 

 

 

0

5

10

15

20

25

Cu Mn Zn

D
at

a 
in

 p
p

b
 

Elements in alphabetical order 

IRON 52 - BLANK 



383 

 

9.5 Results – Phase 2 

 

Analyses are shown as raw data together with plots showing the elemental concentration 

(sample element concentration minus blank sample element concentration) of each sample 

in Appendix 9.3. For plotting purposes all x values (<LLD) have been removed. 

 

9.6 Phase 2 Results and Discussion 

 

The seawater solution results provide considerable information on the likely electrochemical 

processes of weathering to produce ions and their vertical migration and deposition to form 

near surface elemental accumulations. The 61 day results are similar to those obtained from 

the 52 day de-ionized water tests. However, analyses of the overlying soils at 173 days 

showed substantial increases in the concentrations of elements characteristic of the artefact 

metal/alloy. The exceptions were the solder and iron samples, which showed no appreciable 

increases in elemental concentrations in overlying soil. 

The 61 day and 173 day seawater blank sample plots (Figure 9.11) display similar elemental 

patterns to the de-ionized water 52 day blank sample. Lead, Zn, Cu, Co, and Mn all display 

concentrations very similar to those observed in the de-ionized water 52 day soil sample. 

Concentrations increased a little in the 173 day sample. For example, Mn was present in the 

52 day de-ionized water sample at 40 ppb, in the 61 day seawater sample at 40 ppb, and the 

173 day seawater sample at 60 ppb. These concentrations are believed to be significant as 

they are well above the LLD (10 ppb) and well within the laboratory allowable tolerance 

limits which SGS set equal to the LDL (10 ppb in the case of 10 ppb). However, elements 

characteristically present in seawater (Mg, Ca, K, Sr, Rb and Ba) all showed greater 

enrichment in the seawater samples and the degree of enrichment increased over time as is 

demonstrated in Table 9.1.  
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Figure 9.11 Elemental concentrations in the flower pot blank sand samples taken after 61 

and 173 days (watered with seawater solution). 

The main seawater component elements (of the subset measured) are (in order of 

abundance) Mg > Ca > K (Chester, 2009) and these are the elements present in the blank 

samples and in that order of abundance. The concentration of these elements in the seawater 

test samples will have resulted from a combination of a seawater residue component and 

material derived from the sand medium. This is demonstrated by Table 9.1 which gives a 

comparison of the content of these elements in seawater, seawater blank 173 and the de-

ionized water blank.  
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Table 9.1 MMI extracted concentrations of elements (commonly found in seawater) in the 

blank samples used in the seawater and de-ionized water tests compared with the 

concentration of these elements in seawater. Seawater data after Chester (2009). 

 

SEAWATER SEAWATER 

BLANK 173 

DAYS

DE-IONIZED WATER 

BLANK 53 DAYS

ELEMENT mg/l ppm ppm

Ba 0.014 0.005 0.49

Ca 412.8 530 55

K 398.8 324 12.1

Mg 1293 809 13

Rb 0.12 0.109 0.027

Sr 7.89 9.1 0.21  

The multi-element concentrations for elements of interest in sand overlying the brass sample 

are shown in Figure 9.12. For this and all subsequent discussions, the elemental values 

displayed are the raw sample minus the equivalent blank sample value. There is no 

enrichment in elements characteristic of brass (Cu, Zn and in some alloys, minor amounts of 

Mn or Pb) at 61 days but substantial concentration increases in a number of these elements 

at 173 days. There was a large increase in Fe and Zn between the 61 and 173 day samples. 

The Fe concentration increased from <LLD at 61 days to 11,000 ppb at 173 days and Zn 

increased from 10 ppb to 3290 ppb. Large increases were also observed for Mn (10 to 820 

ppb), Pb (< LLD to 490 ppb), and Cu (< LLD to 130 ppb) with lesser increases in Co (< 

LLD to 19 ppb) and Ni (< LLD to 6). The increases for Co and Ni may be real but could 

also be the result of sample and/or analytical variation. The enrichments in Zn, Cu, Mn, Pb, 

(Co and Ni) are supportive of the hypothesis that these elements have been derived from the 

brass test piece and transported to near surface in the seawater medium, where they were 

deposited. The large enrichment in Fe in the 173 day brass sample is not considered to be 

reliable. Fe is not a common brass constituent and as this is the only very elevated Fe value 

returned from all the samples, it is considered that this result may be spurious and result 

from sample contamination or laboratory error. 
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Figure 9.12 Elemental concentrations in the flower pot sand samples taken from above the 

brass sample material (blank values subtracted) after 61 and 173 days (watered with 

seawater solution). Elements displaying a significant contribution from the tested material 

are shown in red. Iron is not displayed.  

 

Sand overlying the lead artefact showed substantial increases in the concentration of Pb over 

the course of time. Lead increased from 5 ppb at 61 days to 7720 ppb at 173 days. Similarly 

Zn increased from 10 ppb (background level) to 320 ppb over the same period. The multi-

element sample plots for elements of interest are shown in Figure 9.13.  

 

Figure 9.13 Elemental concentrations in the flower pot sand samples taken from above the 

lead sample material (blank values subtracted) after 61 and 173 days (watered with seawater 

solution). Elements displaying a significant contribution from the tested material are shown 

in red. No Pb or Zn were present after 61 days. 
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Sand overlying the silver artefacts also showed a substantial enrichment of Pb; 

concentrations increased from 5 ppb (background level) at 61 days to 10,520 ppb after 173 

days. Similarly, Cu concentrations also increased, from < LLD to 6360 ppb; Ni increased 

from 57 ppb to 308 ppb. Silver also increased from 2 ppb to 149 ppb over the period. This is 

a remarkable rise as Ag sits near the bottom of the Galvanic Series (with Au) and it requires 

a strong galvanic current or a lot of chloride to mobilize it. The silver multi-element plots for 

the elements of interest are shown in Figure 9.14. 

 

 

Figure 9.14 Elemental concentrations in the flower pot sand samples taken from above the 

silver sample material (blank values subtracted) after 61 and 173 days (watered with 

seawater solution). Elements displaying a significant contribution from the tested material 

are shown in red. 

 

 

Sand overlying the Pewter artefact increased in Pb from < LLD at day 61 to 510 ppb at 173 

days and Zn concentration increased from < LLD to 60 ppb over the same period. Plots of 

elements of interest are shown in Figure 9.15. 
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Figure 9.15 Elemental concentrations in the flower pot sand samples taken from above the 

pewter sample material (blank values subtracted) after 61 and 173 days (watered with 

seawater solution). Elements displaying a significant contribution from the tested material 

are shown in red. 

Sand overlying the Bronze artefact was characterized by a very large enrichment in Cu from 

< LLD to 12,960 ppb over the course of the test period. This degree of enrichment cannot be 

explained solely by galvanic activity and may be in part due to transport as a Cu chloride 

complex. Zn showed a modest enrichment from < LLD at 61 days to 160 ppb 173 days. The 

bronze multi-element plots are shown in Figure 9.16. 

Figure 9.16 Elemental concentrations in the flower pot sand samples taken from above the 

bronze sample material (blank values subtracted) after 61 and 173 days – seawater solution. 

Elements displaying a significant contribution from the tested material are shown in red. 

 

Sand overlying the gold artefact does show a minor, but detectable, Au concentration of 0.1 

ppb (which may be false and purely a reflection of the variability in measurement especially 
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so close to the LLD) after 173 days. A small Ag (3 ppb) content is detectable after 173 days. 

These outcomes reflect the ranking of Au at the bottom of the Galvanic Series, rendering Au 

immobile relative to most other elements.  

 

Sand overlying the iron artefact displays Mn enrichment from < LLD to 110 ppb over the 

test period. Co (10 ppb) was detectable in the 173 day sample. No Fe was detected as the 

element could only be determined in the ppm range, for reasons given earlier, and it is 

unlikely that the element would be present in these samples at that concentration. The Fe 

plot for the elements of interest is shown in Figure 9.17. 

 

 

 

Figure 9.17 Elemental concentrations in the flower pot sand samples taken from above the 

iron sample material (blank values subtracted) after 61 and 173 days – seawater solution. 

Elements displaying a significant contribution from the tested material are shown in bright 

red. 

 

 

Sand overlying the solder artefact shows only a high concentration of Pb (6960 ppb) in the 

173 day sample but 0 in the 61 day sample. Multi-element plots for solder are shown in 

Figure 9.18. 
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Figure 9.18 Elemental concentrations in the flower pot sand samples taken from above the 

solder sample material (blank values subtracted) after 61 and 173 days – seawater solution. 

No elements except Pb were detectable after 61 and 173 days.  

 

Sand overlying the silver solder samples shows no elemental enrichments, as was noted for 

the 52 day de-ionized water silver solder sample. 

 

9.7 Comparison of the de-ionized water and seawater tests 

 

Whilst the seawater tests demonstrated substantial transport and deposition of some metals 

after 173 days, the 61 day results were much more subdued. It appears that it takes some 

time for the reactions to become established as is evidenced by the observations that even 

the elements introduced in the seawater (Ca, Cs, K, Mg, Rb and Sr) are lower in 

concentration at 61 days than at 173 days. However, once the transport process is underway, 

metal (seawater solute) transport and deposition rates increase. It is likely that the 

concentrations measured are controlled as much by elemental transport rate as chemical 

reaction rates. 

 

A comparison of the 61 day seawater results with those from the 52 day de-ionized water 

tests shows that in almost all cases the concentration of metals is higher in the de-ionized 

water samples than the seawater equivalents. This is surprising as it was expected that the 

increased ionic strength of the seawater would facilitate a more rapid rate of metal ion 
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production and transport. A possible explanation is that many cations are more readily 

transported under acidic rather than alkaline conditions (Caporale and Violante, 2015, 

Cerqueira et al., 2011, Elbana and Selim, 2011) and the test medium in these experiments 

was calcareous quartz sand having a measured alkaline pH of 8-9 (the pH of the de-ionized 

water and the sea water were 5.8 and 7.8 respectively). The work of (Elbana and Selim, 

2011) demonstrated that the alkaline pH of the soil medium delays and reduces the rate of 

transport of metals, but does not prevent the process from working. This may have been a 

factor in the slow commencement of metal transport in the Flower Pot Experiments. 

However, the fact that the soils in the de-ionized water phase showed some increases in 

metal concentrations after 51 days is consistent with the findings of the base metal ore tests 

detailed in the Introduction, which showed significant metal concentrations in samples from 

the sub-surface evaporation zone in about 50 days (Mann et al., 1997). Further support for 

this explanation is provided by results of unpublished experimental data from the Mann et 

al. (1997) where in some tests a layer of calcium carbonate was inserted to see what effect it 

had on base metal migration. It delayed expression at the surface, but did not completely 

inhibit it. (Alan Mann, pers. comm.). 

The following examples, in Table 9.2, demonstrate the differences in MMI-extracted 

concentrations at 52 days (de-ionized water) and 61 days (seawater) for the materials tested.  

Table 9.2 Significant metal concentrations (ppb) in the 51 de-ionized water and 62 day 

seawater samples of the tested materials after subtraction of blank concentrations.  

 

 

 

MATERIAL REGIME

BRASS Zn

De-ionized water - 52 5060

Seawater - 61 < LLD

LEAD Pb Zn

De-ionized water - 52 80 190

Seawater - 61 5 10

SILVER Ag Cu Mn Ni Pb Zn

De-ionized water - 52 0 40 30 6 60 240

Seawater - 61 2 < LLD 0 57 5 < LLD

PEWTER Cu Pb Zn

De-ionized water - 52 30 60 250

Seawater - 61 <  LLD < LLD < LLD

BRONZE Cu Zn

De-ionized water - 52 0 90

Seawater - 61 < LLD < LLD

GOLD Ag Cu Zn

De-ionized water - 52 0 10 140

Seawater - 61 < LLD < LLD < LLD

IRON Zn

De-ionized water - 52 30

Seawater - 61 < LLD

CHARACTERISTIC METAL VALUES (ppb)
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9.8 Conclusions 

 

Whilst there were differences in the timing of the commencement of metal extraction and 

transport between the de-ionized water and seawater tests, it is clear that both solutions were 

effective. The high MMI-extractable metal concentrations in the seawater 173 day tests 

attest to this, and it is interesting to conjecture whether similar results would have been 

obtained had the de-ionized water test continued. Nonetheless, it may be concluded that 

dissolution, transport and deposition of metals by solutions of low or high ionic strength 

(particularly chloride concentration) has been demonstrated by these tests. This is an 

important finding as it indicates that groundwater of differing compositions may all be 

capable of collecting metal ions from buried artefacts and depositing them near surface to 

form anthropogenic soil geochemical anomalies. 

 

These experiments were designed to test the hypothesis that the Capillary Rise and 

Evaporation model was applicable to the formation of anthropogenic soil geochemical 

anomalies by subjecting artefacts, or artefact equivalent materials, buried in an inert medium 

(builders sand), to exposure to groundwater–type solutions to determine if metal 

concentrations (anomalies) could be generated near to the surface.  

 

The results of these preliminary experiments have added support for this hypothesis. They 

have demonstrated the basic processes of “weathering” to produce ions followed by the 

vertical migration of the metal ion-bearing solution by capillary rise and near surface 

deposition to provide a metal accumulation, which provides sample for the MMI extraction 

and analysis process. The generation of ions is the critical starting point for the capillary rise 

and evaporation and surface accumulation/measurement process. The electrolyte solution 

(e.g. seawater) provides the transporting agency. 

 

Whilst it is unlikely that capillary rise and evaporation is the sole means of formation of 

anthropogenic soil geochemical anomalies (bio-turbation, frost heave and surface pollution 

from metal rich dust (as in part at St. Algar’s Farm), may also play their part), these 

experiments provide preliminary support for one possible process whereby the 

anthropogenic soil geochemical anomalies detected by MMI sampling and analysis, and 

documented in the preceding chapters, have been formed. 
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These simple experiments are but the beginning, they open the way for further studies using 

different soil types, differing solutions, measurement of rates of transport, ionic speciation 

and pore water composition, all of which may be important in the understanding of the 

process of formation and preservation of anthropogenic soil geochemical anomalies.  

  



394 

 

REFERENCES 

CAPORALE, A. & VIOLANTE, A. 2015. Chemical processes affecting the mobility of 

heavy metals and metalloids in soil environments. Current Pollution Reports, 1-13. 

CERQUEIRA, B., COVELO, E. F., ANDRADE, M. L. & VEGA, F. A. 2011. Retention and 

mobility of copper and lead in soils as influenced by soil porizon properties. 

Pedosphere, 21, 603-614. 

CHESTER, R. 2009. Marine Geochemistry., Hoboken, USA., Wiley/Blackwell Science. 

ELBANA, T. A. & SELIM, H. M. 2011. Copper mobility in acidic and alkaline soils: 

miscible displacement experiments. Soil Science Society of America Journal, 75. 

GREACEN, E. L. & WILLIAMS, J. 1983. Physical properties and water relations. In: Soils, 

an Australian Viewpoint. Melbourne: Division of Soils, CSIRO/Academic Press. 

HAMILTON, S. M., CAMERON, E. M., MCCLENAGHAN, M. B. & HALL, G. M. 2001. 

Deep penetrating geochemistry - Cross Lake final report. In: CAMERON, E. M. 

(ed.) Deep-Penetrating Geochemistry Phase II. CAMIRO. 

HILLEL, D. & VAN BAVEL, C. H. M. 1976. Simulation of profile water storage as related 

to soil hydraulic properties. Soil Science Society of America Proceedings, 40, 807-

815. 

MANN, A. W. 2010. Strong versus weak digestions: ligand-based soil extraction 

geochemistry. Geochemistry: Exploration, Environment, Analysis, 10, 17-26. 

MANN, A. W., BIRRELL, R. D., FEDIKOW, M. A. F. & DE SOUZA, H. A. F. 2005. 

Vertical Ionic Migration: mechanisms, soil anomalies, and sampling depth for 

mineral exploration. Geochemistry: Exploration, Environment, Analysis, 5, 201-210. 

MANN, A. W., BIRRELL, R. D., MANN, A. T., HUMPHREYS, D. B. & PERDRIX, J. L. 

1998. Application of the mobile metal ion technique to routine geochemical 

exploration. Journal of Geochemical Exploration, 61, 87-102. 

MANN, A. W., GAY, I. M., BIRRELL, R. D., WEBSTER, J. G., BROWN, K. L., MANN, 

A. T., HUMPHREYS, D. B. & PURDRIX, J. L. 1995. Mechanism of formation of 

mobile metal ion anomalies. Reports. Minerals and Energy Research Institute of 

Western Australia. 

MANN, A. W., MANN, A. T., HUMPHREYS, D. B., DOWLING, S. E., STALTARI, S. & 

MYERS, I. 1997. Soil geochemical anomalies - their dynamic nature and 

interpretation. Perth, Western Australia.: Minerals and Energy Research Institute of 

Western Australia. 



395 

 

MOUNTAIN EMPIRE COMMUNITY COLLEGE. Lesson 8: Corrosion Control [Online]. 

Big Stone Gap, Virginia: Mountain Empire Community College. Available: 

https://water.me.vccs.edu/courses/ENV110/lesson8_print.htm [Accessed 6 June 

2015]. 

REIMANN, C., BIRKE, M., DEMETRIADES, A., FILZMOSER, P. & O'CONNOR, P. 

2014. Chemistry of Europe's agricultural soils - Part A: Methodology and 

interpretation of the GEMAS data set, Stuttgart, Schweizerbart. 

ROBERGE, P. R. 2006. Corrosion Basics: An Introduction, NACE Press Book. 

SADEGHI, M., ALBANESE, S., MORRIS, G., LADENBERGER, A., ANDERSSON, M., 

CANNATELLI, C., LIMA, A. & DE VIVO, B. 2015. REE concentrations in 

agricultural soil in Sweden and Italy: Comparison of weak MMI® extraction with 

near total extraction data. Applied Geochemistry, 63, 22-36. 

SGS 2006. MMI delineation of NiS mineralization. Case Studies. SGS. 

SMITH, R. E., CAMPBELL, N. A. & LITCHFIELD, R. 1984. Multivariate statistical 

techniques applied to pisolitic laterite at Golden Grove, Western Australia. Journal 

of Geochemical Exploration, 22, 193-216. 

 

https://water.me.vccs.edu/courses/ENV110/lesson8_print.htm


396 
 

 

 

 

 

CHAPTER 10 

 

 

EVALUATION OF RESULTS 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  



397 
 

10. EVALUATION OF THE RESULTS 

 

10.1 Introduction 

The hypothesis fundamental to this research was: MMI partial extraction soil geochemistry 

will provide archaeologists with an equivalent or better ability to find and document 

archaeological sites than traditional soil geochemical techniques. The testing of this 

hypothesis required answers to the five fundamental questions listed below but during the 

course of the research new information was generated that has the potential to expand the 

capability of MMI into new spheres of endeavour. These will be discussed below. 

 

The five fundamental questions were; 

i. Can MMI replicate known results obtained from soil sampling and (near) total 

analyses of known sites? 

ii. Can MMI provide greater resolution and definition (than existing methods) of soil 

geochemical anomalies of anthropogenic origin? 

iii. Can MMI increase the range of chemical elements potentially indicative of human 

activities? 

iv. Can MMI provide elemental data that can assist archaeologists in determining 

what functional use human occupants assigned to specific areas within an 

archaeological site? 

v. Can MMI in conjunction with other techniques provide useful information on the 

processes responsible for anthropogenic soil geochemical anomalies? 

 

 

Each of these questions is answered, based upon the sum of evidence provided by the results 

obtained during the course of the research. 
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10.2 Can MMI replicate known results obtained from soil sampling and (near) total 

digest analyses of known sites? 

The four field sites selected for testing all have had prior geochemical soil sampling 

undertaken by various techniques and to varying degrees of intensity and this was one of the 

criteria used in the site selection process. 

 

The results of this research have verified the ability of MMI to replicate the results of 

previous strong acid digestion soil geochemistry and surface portable XRF survey work.  

 

At Easter Tombrek, where the direct comparison of MMI soil geochemistry results with those 

provided by earlier (SAD) results was possible, it was found that, when viewed both 

generally and also on a more detailed Functional Area basis, there is agreement between the 

data sets, although there are some significant differences. The MMI and (SAD) elemental 

profile plots both support the view that Ba, Ca, Co, Cu, Fe K, Mn, P, Pb, Sr and Zn do exhibit 

anthropogenic behaviour, but that it is demonstrated more clearly by the MMI plots, which 

display much greater contrast between Functional Areas than do the SAD profiles. For Co, Pb 

and Sr the MMI data reveal a trend of decreasing elemental concentration from House to 

Byre to Garden whereas the SAD plot is relatively flat for Co, shows a small peak in the Byre 

for Pb and has a peak in the Garden for Sr. The MMI Pb peak in the House contrasts strongly 

with the relatively depleted concentration measured by SAD. The SAD profiles are less 

convincing than are those for MMI in making a consistent case for anthropogenic influence 

for these elements. In the Tombrek area, where a (now disappeared) settlement was recorded 

on old maps, and where there was little or no geochemical evidence of human settlement (the 

majority of elements exhibiting background concentrations for both MMI and SAD), there 

was reasonable agreement between the MMI and SAD data sets. 

 

The direct comparison of the St Algar’s Farm MMI results with those obtained by surface 

portable XRF was possible for only a small number of elements, due to the high Lower 

Limits of Detection inherent with the XRF technique. Of greatest significance were Pb and 

Zn. The MMI work showed that there is widespread lead pollution across much of the site. 

This finding corroborates the pXRF distribution pattern for lead. It was not possible to 

compare the SAD lead results with the MMI results because for almost all comparable 

samples the Pb concentration was >ULD.  Overall comparison the lead results from the two 
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effective methods shows that both distinguish the metal processing areas from the areas 

where metal processing does not appear to have been undertaken. However, it is not possible 

to determine whether MMI was able to distinguish more detail in the metal processing areas 

because all MMI Pb values in this vicinity were above the detection limit of the method. 

 

Zinc provided a more direct comparison of the MMI results with those obtained from the 

pXRF survey than did Pb. The results are substantially in agreement.  

 

The Calleva reconnaissance MMI survey confirmed the widespread pollution of the Calleva 

Roman town site by a wide range of elements, including Cu, Pb, Zn, Ag, Au and many 

Incompatible Elements, believed to be reflective of the extensive multi-element meta-

processing carried out by the Romans and possibly by the Pre-Roman inhabitants. The MMI 

work confirmed and enhanced the previous more classical geochemical investigations of the 

site. Knowledge of the range and degree of metal pollution of the Calleva town site has been 

expanded and potential sites of metal-processing activities have been located. Whilst it was 

not possible to make direct comparison between the SAD and MMI results (different sample 

sites, sampling depths, sample processing method, elemental species measured) it is clear that 

both techniques have identified the area within the confines of the Calleva town wall as being 

one that contains elevated concentrations of Pb, Cu, Zn, and P in the soil.  

 

The Calleva House 1 MMI data reveal generally elevated concentrations of a number of 

metallic elements, with much higher concentrations associated with known metallurgical 

hearth/furnace sites. The MMI results favourably compare with the XRF and SAD results 

from previous surveys, in that both data sets clearly identify metal processing sites and by-

products thereof. The MMI results provide data for a much wider range of elements than was 

possible for the XRF work and at better resolution than was shown by the acid digestion.  

 

The direct comparison of the previous XRF results with the MMI data at Binchester was not 

possible as the surveys were carried out over different areas. The earlier geochemical work at 

Binchester consisted of a limited XRF survey of residual soil obtained from the Roman 

tannery which was located within the fort and in a location which, together with effluent from 

the bath house drained into one of the areas sampled during this research. The XRF results 

showed that Ca and P were strongly enriched, the metals Zn, Cu, Ni and Cr showed slightly 

elevated concentrations, whilst Pb, Cd and K were depleted in the Tannery samples. MMI 
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results from the downslope Bath House Drainage area revealed strongly anomalous 

concentrations of Mn, K, Ce, Mn, Sn, Hg, Pb, Ti, Nb and P as well as moderately anomalous 

concentrations of Au, As, Ba, Co, Fe, La, Sb and Zn. Both Cd and Zn were present at 

relatively elevated concentrations (Cd Mean 1.7 × background; Zn Mean 2.3 × background) . 

The MMI results do not agree with the XRF results but are more in concert with the 

elemental assemblage that could have been derived from the much closer and dominant bath 

house feature, or areas within the fort where metal working was known to have been 

undertaken during Roman times and from which no geochemical data have been collected.  

 

The results of the research have confirmed that MMI can replicate known results obtained 

from soil sampling and (near) total analyses of known sites of varying types. 

 

10.3 Can MMI provide greater resolution and definition (than existing methods) of soil 

geochemical anomalies of anthropogenic origin? 

In the course of this work, the term Resolution has been used as the ability to define the 

spatial limits of anthropogenic soil geochemical anomalies (by use of geochemical contrast), 

whilst Definition refers to the range of elements which constitute such an anomaly. Hence, 

the answer to this question is fundamentally determined by the relative ability of the 

technique to discriminate an anthropogenic elemental signal from a signal derived from non-

anthropogenic sources, including noise. The MMI technique is a ligand-based partial 

extraction technique rather than a digest and brings into solution only those elemental species 

capable of dissolution by the extractant ligand. For MMI these are thought to include 

elemental species loosely bound onto soil particles such as clays, iron oxides, organic matter 

and dissolved in interstitial pore water. The selective nature of the extraction insures that 

unwanted elemental input from the dissolution of unweathered soil mineral grains is almost 

completely precluded (Mann, 2010). This results in less isobaric interference from elements 

such as Al and Fe when solutions are analysed by ICP-MS (May and Weidmeyer, 1998). 

Less interference, less unwanted signal and less noise means that small ‘real’ anthropogenic 

signals can be detected for a wide range of elements. The continued improvement in 

analytical instrumentation has resulted in further lowering of the Lower Limit of Detection 

for many elements, enabling the detection of ever smaller concentrations of a widening range 

of elements potentially of anthropogenic significance. The overall result is that 

peak/background ratios for partial extraction methods are superior (Stanley and Noble, 2008) 
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to those obtained using other soil geochemical techniques (e.g. strong acid digestion) in the 

search for anthropogenic elemental signatures. This commonly results in higher geochemical 

contrast for MMI (and other ligand-based extractive techniques) and the ability to identify 

anthropogenic signatures for a much wider range of elements and detect these signatures at 

much lower concentration levels than is possible for XRF and commonly also for SAD 

analyses. This in turn allows sharper resolution and greater definition of anomalies. 

 

At St. Algar’s Farm, MMI was able to clearly define the Roman lead processing operations 

(known from previous excavation (Lambdin and Holley, 2011)). The processing area and the 

transport route by which ore was brought to the site have been defined by a large multi-

element anomaly (not including Pb, which has polluted the entire site). Within that anomaly, 

the known Ag cupelling site is defined, as are a number of sites which (from the magnetic 

gradiometry) overlie buildings in which metal processing may have also been carried out. 

These findings were unable to be detected by the previous XRF survey because of lack of 

instrument sensitivity, and given that the MMI anomalies for most of the individual defining 

elements are of low magnitude, they may not have been detected using SAD analysis. 

The multielement MMI data showed elevated Ba concentrations along the transport access 

route to St. Algar’s Farm, which this may be evidence that Ba (in the form of barite) bearing 

lead ore from the Charterhouse Mines in the nearby Mendip Hills was the source or the 

material processed at St. Algar’s Farm. Considerable support for this hypothesis was 

provided by use of the DOGS and DOGA statistical technique (Mann et al., 2016) to compare 

the MMI soil geochemical multi-element data from St. Algar’s Farm with those obtained 

from soil samples collected (as part of this research) around the Charterhouse Mine. Results 

showed a very strong correspondence of the multi-element MMI signature from the soils 

above the St. Algar’s Farm Pb processing site with that obtained from the soils at 

Charterhouse. These findings would not have been possible using XRF analyses. Whilst 

similar findings would have been possible using SAD, it is unlikely that SAD would have 

provided the multi-element definition of the anomalous areas which MMI has produced.  

  

Direct comparison was made of multi-element MMI and SAD analyses of a limited number 

(10) soil samples from St. Algar’s Farm. Results showed that MMI Ag, Cu, Ba, Tl, Ce, Rb, 

Zr, Cs, Nb, Ni, and Li all displayed geochemical contrast (Max./Min.) higher (MMI Ce 2.4 ×: 

SAD Ce 1.4 ×) to very much higher (MMI Ag 99.5 ×: SAD Ag 14 ×) for the samples tested 
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than did SAD. That enhanced MMI max./min. ratio for most elements makes the 

identification of potentially anthropogenic elemental signatures more readily discernible than 

does SAD. By way of contrast, it was found that Sn and Sb showed higher Max./Min. values 

for SAD than did MMI. This is unsurprising as the Sn at St. Algar’s Farm is most likely 

present as cassiterite which, whilst slightly soluble in strong acid, is virtually insoluble in the 

MMI extractant (Alan Mann, pers. comm.) and is indicated by the low MMI extraction rate 

determined for Sn and shown in Table 1 of Mann et al. (2014). The fact that MMI Sn 

concentrations of in excess of 2 ppb were found in a number of the St. Algar’s Farm soil 

samples is significant in the light of the extremely low extraction rate for this element 

because little of the cassiterite would dissolve from the soils and be available for extraction 

by the MMI solution. With a SAD extraction rate (compared with XRF) of 36.2 % (Mann et 

al., 2014) much more of the Sn contained within the soils was made available by SAD 

digestion and whilst modest Sn anomalies were recorded by MMI extraction, SAD is a 

preferable technique to employ to more clearly delineate and define soil Sn anomalies. This 

example is instructive in that it demonstrates the need to carefully evaluate what information 

is being sought from materials that are being treated, before a decision is made on which 

analytical technique is to be employed.  

 

At St. Algar’s Farm comparison of the portable XRF and MMI geochemical contrast 

(4QM/1QM) was made on the complete MMI and XRF data sets. Analyses were only 

obtainable for Pb, Zn, Nb and Fe because the high Lower Limits of Detection inherent in the 

pXRF method meant that little or no trace element data were collectable for most elements. 

The MMI geochemical contrast was greater than that for pXRF for all five elements for 

which comparable data were available, and in the case of Pb and Zn, by a factor of 2-3 

(contrasts: Pb MMI 16.3, XRF 12; Zn MMI 6.5, XRF 2.6). 

 

At Calleva, it is clear that both MMI and SAD have identified the area within the confines of 

the Calleva town wall as being one that contains elevated concentrations of Pb, Cu, Zn, and P 

in the soil. However, as a result of the increased sensitivity and lower elemental detection 

levels, the MMI survey has widened the range of elements found in these soils to contain 

elevated MMI concentrations to include Ag, Au, Sn, Fe and Hg. This is an important addition 

as it provides evidence of a wider range of metal-processing activities than was demonstrated 

by the Aqua Regia survey. 
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Direct comparisons between the MMI and XRF methods at Calleva House 1 indicated that 

geochemical contrast was greater for MMI Cu and Zn but was similar to pXRF for Pb. 

 

At Easter Tombrek, comparison of MMI and SAD geochemical contrast on a Functional Area 

basis showed that for the elements which have an anthropogenic component, the MMI data 

show greater contrast between Functional Areas than did SAD. When viewed on a Functional 

Area basis, the House demonstrates the greatest MMI geochemical contrast for the 

anthropogenic elements as well as the highest ratio between MMI and SAD geochemical 

contrasts. The geochemical contrast and ratio between MMI and SAD geochemical contrasts 

declines as the assumed anthropogenic input to the Functional Area decreases i.e. from House 

to Byre to Garden to Pasture. It can therefore be construed that in this context, the ratio of 

MMI to SAD geochemical contrast is an indicator of the strength of anthropogenic input. 

This is supported by the observations made at the old Tombrek settlement (Revival area), 

where both MMI and SAD results indicated little or no anthropogenic activity and that both 

data sets indicated background elemental concentrations. There were no significant 

differences in geochemical contrast or the ratio between the MMI and SAD geochemical 

contrasts for most elements.   

 

The evidence demonstrates that MMI can provide greater resolution and definition of soil 

geochemical anomalies of anthropogenic origin than can traditional techniques such as XRF 

or SAD (not universally). 

 

10.4 Can MMI increase the range of chemical elements potentially indicative of human 

activities? 

The ability of MMI to detect, better than XRF or SAD, very low but archaeologically 

significant concentrations of a wide range of elements of likely anthropogenic origin 

substantially increases its value as a tool for defining multi-element soil geochemical 

anomalies of potential archaeological importance. The use of the full multi-element data set 

(in this study, 53 elements) in conjunction with statistical tools such as correlation analysis, 

PCA, and the construction of multi-element indices, allows identification of detailed, 

complex and commonly subtle, multi-elemental anthropogenic geochemical anomalies. 
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This is well demonstrated at St. Algar’s Farm where data were obtained for 53 elements by 

ICP-MS MMI compared with 5 by pXRF. The much richer MMI data set enabled the 

identification of a greater range of elements which have anthropogenic significance at the 

site. One of the most significant benefits coming from the use of multi-element geochemistry 

at St. Algar’s Farm was the discovery of previously unidentified probable Sn treatment 

activities on the site. The use of PCA, multi-element spatial plot analysis and multi-element 

index definition enabled the clear definition of the lead, precious metal and tin processing 

sites. In addition, the application of DOGS to the multi-element suite enabled the 

confirmation of the provenance of Pb material processed and the likely source of the 

pegmatite Sn ore which was treated at St. Algar’s Farm. 

 

The multi-element MMI soil data from Calleva allowed the identification of geochemical 

anomalies for a wider range of elements having anthropogenic significance than was 

determined using XRF or SAD techniques. These elements included Ag, Au, Sn and Fe, all 

of which showed much greater geochemical contrast for MMI than SAD, ranging from 1.4 to 

6.7. Even for the more abundant elements Cu and Zn, MMI showed a greater geochemical 

contrast than did XRF. 

 

Multi-element soil geochemical signatures believed to be indicative of the presence of slag, 

derived during the smelting and refining of metals were also defined by MMI using PCA, 

spatial plots and multi-element indexing. These signatures are subtle, multi-element in nature, 

have been characterized and were used to define the nature of the metal processing carried 

out at a particular site. They may not have been detected using traditional geochemical 

techniques.  

 

The MMI results from Easter Tombrek showed that the elements Ag, Au, Ba, Ca, Cu, Fe, Hg, 

Mn, P, Pb, Sn, Sr and Zn are indicative of anthropogenic activity, whereas the SAD work of 

Wilson et al. (2006) identified only Ba, Ca, Cu, P, Pb, Sr and Zn as being indicators of 

anthropogenic activity at this site. Once again, this wider range of anthropogenic geochemical 

indicators was identified by analysis of the whole multi-elemental data suite by use of PCA, 

elemental spatial plotting, use of multi-element indices to define anthropogenic anomalies 

and was aided considerably by the inherently greater geochemical contrast provided by MMI 

analysis.  
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The evidence provided by this research confirms that MMI, when coupled with ICP-MS, can 

increase the range of chemical elements potentially indicative of human activities. 

 

10.5 Can MMI provide elemental data that can assist archaeologists in determining 

what functional use human occupants assigned to specific areas within an 

archaeological site? 

It has long been a goal of archaeologists to understand, through the use of soil geochemistry, 

the function of features identified as having been associated with human activities 

(Arrhenius, 1931). For a long time, only a few elements (P, K and Ca) could provide such 

information, because of the limits of the analytical methods available. The number of 

elements detectable in low concentration expanded with the advent of ICP-AES and ICP-MS 

spectrometry. The range of elements useful in detecting anthropogenic soil signatures has 

been expanded by the utilization of partial extraction (rather than acid digestion) techniques 

because they have allowed the detection of previously undetectable multi-element anomalies 

of very low amplitude. This is because of the high geochemical contrast achievable by these 

techniques, of which MMI is one of the more effective. A full review of the history and 

evolution of analytical techniques used in archaeology is presented in Chapter 2. 

 

The Easter Tombrek study allowed a direct assessment of the ability of MMI soil analysis to 

detect and characterize different Functional Areas. The site had been well documented 

archaeologically (Atkinson et al., 2005) and by SAD soil analysis (Wilson et al., 2006). The 

site contained four physically discrete Functional Areas (House, Byre, Garden and Pasture). 

It was found through the use of correlation analysis, PCA, elemental profiling across 

Functional Areas, multi-element index construction and the application of DOGS to the full 

data set, that elemental suites characteristic of each Functional Area could be defined. In 

addition it was possible to define an elemental suite which was characteristic of the 

lithological geochemical background at Easter Tombrek and Tombrek. 

 

The use of PCA and the construction of MMI multi-element indices at St. Algar’s Farm 

enabled the delineation of the main area in which Pb ore was roasted and cupelled, areas 

where it is likely that precious metals were treated and also areas where it is likely that Sn ore 

was processed. 
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At Calleva, PCA and multi-element index construction enabled the definition of multi-

element geochemical anomalies very likely to be indicative of a range of metal smelting and 

secondary processing, partially through the identification of REE signatures characteristic of 

slag produced during the smelting process. At the House 1 site, the MMI data revealed 

generally elevated concentrations for a number of metallic elements with much higher 

concentrations being associated with known metallurgical hearth/furnace sites. Extremely 

elevated concentrations of REE (and Y) were also found in samples associated with the 

known metal processing sites and are believed to be reflective of residual slag or other 

furnace products. The enriched concentration of P and concomitant lower concentrations of 

metals in some samples is supportive of the view (Cook et al., 2014) that some rooms in 

House1 were kept as clean rooms for domestic purposes. 

 

The results of these investigations have demonstrated (particularly at Easter Tombrek) that 

MMI does provide elemental data that can assist archaeologists in determining what 

functional use human occupants assigned to specific areas within an archaeological site. 

 

10.6 Can MMI in conjunction with other techniques provide useful information on the 

processes responsible for anthropogenic soil geochemical anomalies? 

As was discussed in Chapter 1, the processes of formation and retention of anthropogenic soil 

geochemical anomalies has been the subject of enquiry for a long time. The work by Mann et 

al. ( 2005) in investigating the mechanism of formation of geochemical soil anomalies and 

their documentation by MMI analysis has lead to the proposal of the Capillary Rise and 

Evaporation model. This conceptual model proposed the processes resulting in the formation 

of MMI soil geochemical signatures for buried mineral deposits.  The anthropogenic soil 

geochemical anomalies described in earlier chapters bear great similarity to those soil 

geochemical anomalies which are commonly associated with mineral deposits and they were 

probably formed in much the same way. That proposition was tested by the establishment of 

self-watering flower pot experiments (see Chapter 9) analogous to those carried out by Mann 

et al. (2005), but using archaeological artefact type objects of different compositions as 

sources of mobile metals. These experiments demonstrated the basic processes of 

“weathering” to produce ions, followed by the vertical migration of the metal ion-bearing 

solution by capillary rise and near surface deposition (probably as a result of evaporation) to 
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provide a metal accumulation capable of detection by the MMI extraction and analysis 

process.  

 

Whilst it is unlikely that capillary rise and evaporation is the sole means of formation of 

anthropogenic soil geochemical anomalies (bio-turbation, frost heave and many other biotic 

and abiotic processes may also play their part), these experiments have demonstrated a likely 

process whereby the anthropogenic soil geochemical anomalies detected by MMI sampling 

and analysis have been formed and do provide useful preliminary information on the 

processes responsible for the formation of anthropogenic soil geochemical anomalies. 

 

10.7 Additional findings of significance 

10.7.1 A new application of MMI 

 

The MMI technology was originally developed as a method of soil chemical analysis in the 

search for metallic mineral deposits (Mann et al., 2005, Mann et al., 1998). It was 

subsequently used to investigate the geological provenance of elements extracted from 

overbank soil samples (Mann, 2011), the potential bio-availability of elements in agricultural 

soils in Europe (Mann et al., 2014, Mann et al., 2015, Sadeghi et al., 2015) and now the 

definition and geochemical documentation of archaeological sites.  

 

These applications all used soil samples taken from a depth of about 15 cm as the sampling 

medium. However, the sampling carried out in House 1 at Calleva was not of this type of 

material. It was dust and fine detritus which had been spread throughout the house and was 

associated with hearth /furnace sites. The samples analysed were taken from the surface of 

the floors of different rooms within the House. There was therefore no soil profile and the 

mechanism of formation of the anomalies was undoubtedly primarily mechanical (wind or 

human traffic transfer) rather than via solution transport processes. Nonetheless, the 

geochemical anomalies identified by this sampling were archaeologically meaningful and 

verified the SAD results obtained earlier (Cook et al., 2010, Cook et al., 2005). 

 

These results are significant because they demonstrate that the MMI technique has a much 

wider application than just soil sampling. They also confirm that MMI detectable 

geochemical anomalies may be generated by a number of mechanisms.  
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10.7.2 The timeframe for the generation of soil geochemical anomalies. 

MMI detectable soil geochemical anomalies produced by the weathering of mineral deposits 

may be developed in (geologically speaking) relatively short periods of time. At both the 

Hunt Zone in Manitoba and Cross Lake in the Abitibi Belt of Ontario, base metal anomalies 

and gold anomalies have been developed in glacial tills and clays which are just 8,000 years 

old (Mann, 2011).   

 

Results of the Flower Pot experiments described in Chapter 9 also demonstrated how rapidly 

MMI detectible metallic element soil anomalies were generated and fixed. For example, a 

substantial Zn anomaly 64 × background was generated from brass in only 52 days using de-

ionized water as the transport medium and a Cu anomaly 40 × background formed above 

bronze in 173 days with a sea water transport medium. 

 

It appears that, given the right conditions of pH and Eh and other factors contributing to the 

rate of migration of dissolved weathering products, many elements can be very mobile in the 

secondary environment and may form soil geochemical anomalies relatively quickly via a 

range of possible processes, of which solution transport by capillary rise  and evaporation is 

but one. 

 

10.8 Summary 

The results of this research have shown that MMI soil geochemistry (and most likely, some 

other ligand-based partial extraction techniques) has been able to replicate and in some cases 

improve on the results of other more traditional soil geochemical methods in resolving and 

defining soil geochemical anomalies of anthropogenic source. This included St. Algar’s Farm 

where both the resolution and definition of the soil geochemical anomalies related to the 

Roman Pb processing were far greater than those provided by pXRF. At Calleva, the MMI 

work confirmed previous acid digest results on the base metal-anomalous nature of the soils 

within the Roman town walls, but also expanded the definition of the range of anomalous 

elements. Similarly, at Easter Tombrek, MMI was able to confirm the results of the earlier 

strong acid digest work, expand the number of elements thought to be indicative of 

anthropogenic activity at the site and add to the evidence of elemental signatures 

characterizing specific Functional Areas.  
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In answer to the five fundamental questions, it has been found that MMI, and therefore by 

inference other ligand-based partial extractions can replicate known results obtained from soil 

sampling and (near) total analyses of known sites. It can, in many cases, provide greater 

resolution and definition of soil geochemical anomalies of anthropogenic origin than 

traditional methods and can increase the range of chemical elements potentially indicative of 

human activities. Ligand-based partial extractions such as MMI can, in some circumstances, 

provide elemental data that can assist archaeologists in determining what functional use 

human occupants assigned to specific areas within an archaeological site and, when used in 

conjunction with other techniques, can provide useful information on the processes 

responsible for the formation of anthropogenic soil geochemical anomalies. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



410 
 

REFERENCES 

ARRHENIUS, O. 1931. Die Bodenanalsye in dienstder Archaeologie. Zeitschrift fur 

pflanzenernarhung, Dungung und Bodenkunde, B10 Jahrgang, 427-439. 

ATKINSON, J. A., DALGLISH, C., MCLELLAN, K. & SWAN, D. 2005. Ben Lawers 

historic landscape project: excavations at  Kiltyrie and Tombrek, 2005. GUARD. 

Glasgow: University of Glasgow. 

COOK, S. R., BANERJEA, R. Y., MARSHALL, L.-J., FULFORD, M., CLARKE, A. & 

VAN ZWIETEN, C. 2010. Concentrations of copper, zinc and lead as indicators of 

hearth usage at the Roman town of Calleva Atrebatum (Silchester, Hampshire, UK). 

Journal of Archaeological Science, 37, 871-879. 

COOK, S. R., CLARKE, A. S. & FULFORD, M. G. 2005. Soil geochemistry and detection 

of early Roman precious metal and copper alloy working at the Roman town of 

Calleva Atrebatum (Silchester, Hampshire, UK). Journal of Archaeological Science, 

32, 805-812. 

COOK, S. R., CLARKE, A. S., FULFORD, M. G. & VOSS, J. 2014. Characterising the use 

of urban space: a geochemical case study from Calleva Atrebatum (Silchester, 

Hampshire, UK) Insula IX during the late first/early second century AD. Journal of 

Archaeological Science, 50, 108-116. 

LAMBDIN, C. & HOLLEY, R. 2011. St. Algar’s Project Group, St. Algar’s Villa Excavation 

Summary. Bath and Camerton Archaeological Society, unpublished report. 

MANN, A. 2011. Atlas of MMI soil geochemistry of Australia - MMI Analysis of drainage 

overbank samples, Perth, Blurb.com. 

MANN, A., REIMANN, C., CARITAT, P. D. & TURNER, N. 2014. Mobile Metal Ion 

Analysis of European Agricultural Soil. In: REIMANN, C., BIRKE, M., 

DEMETRIADES, A., FILMOSER, P. & O'CONNOR, P. (eds.) Chemistry of 

Europe's agricultural soil. Stuttgart: Geologisches Jahrbuch Reihe B, B103. 

MANN, A., REIMANN, C., CARITAT, P. D., TURNER, N. & BIRKE, M. 2015. Mobile 

Metal Ion analysis of European agricultural soils: bioavailability, weathering, 

geogenic patterns and anthropogenic anomalies. Geochemistry: Exploration, 

Environment, Analysis, 15, 99-112.. 

MANN, A. W. 2010. Strong versus weak digestions: ligand-based soil extraction 

geochemistry. Geochemistry: Exploration, Environment, Analysis, 10, 17-26. 



411 
 

MANN, A. W., BIRRELL, R. D., FEDIKOW, M. A. F. & DE SOUZA, H. A. F. 2005. 

Vertical Ionic Migration: mechanisms, soil anomalies, and sampling depth for mineral 

exploration. Geochemistry: Exploration, Environment, Analysis, 5, 201-210. 

MANN, A. W., BIRRELL, R. D., MANN, A. T., HUMPHREYS, D. B. & PERDRIX, J. L. 

1998. Application of the mobile metal ion technique to routine geochemical 

exploration. Journal of Geochemical Exploration, 61, 87-102. 

MANN, A. W., DE CARITAT, P. & SYLVESTER, G. C. 2016. Degree of Geochemical 

Similarity (DOGS): a simple statistical method to quantify and map affinity between 

samples from multi-element geochemical data sets. Australian Journal of Earth 

Sciences, 63, 111-122. 

MAY, T. W. & WEIDMEYER, R. H. 1998. A Table of Polyatomic Interferences in ICP-MS. 

Atomic Spectroscopy, 19, 150-155. 

SADEGHI, M., ALBANESE, S., MORRIS, G., LADENBERGER, A., ANDERSSON, M., 

CANNATELLI, C., LIMA, A. & DE VIVO, B. 2015. REE concentrations in 

agricultural soil in Sweden and Italy: Comparison of weak MMI® extraction with 

near total extraction data. Applied Geochemistry, 63, 22-36. 

STANLEY, C. R. & NOBLE, R. R. P. 2008. Quantitative assessment of the accuracy and 

precision of exploration techniques using minimum probability methods. 

Geochemistry: Exploration, Environment, Analysis, 8, 115-127. 

WILSON, C. A., CRESSER, M. S. & DAVIDSON, D. A. 2006. Sequential element 

extraction of soils from abandoned farms: an investigation of the partitioning of 

anthropogenic element inputs from historic land use. Journal of Environmental 

Monitoring, 8, 439-44. 

 



412 
 

 

 

 

 

 

CHAPTER 11 

 

 

CONCLUSIONS AND RECOMMENDATIONS 

  



413 
 

11. CONCLUSIONS AND RECOMMENDATIONS 

 

The purpose of this research has been to evaluate the effectiveness of the Mobile Metal Ion 

(MMI) partial extraction soil geochemical technique as a tool to improve site definition and 

prospection in archaeological investigations and compare its performance against more 

traditional geochemical methods. This was achieved by addressing the five fundamental 

questions which were set out in Chapter 1.  

 

Results have confirmed that MMI soil geochemistry can replicate results obtained from 

geochemical soil sampling using total and near total analyses at archaeological sites of 

various types. The evidence clearly demonstrates that MMI can provide greater resolution 

and definition of soil geochemical anomalies of anthropogenic origin than can traditional 

techniques such as XRF or SAD. The evidence also confirms that MMI can increase the 

range of chemical elements indicative of human activities. It has also been shown that MMI 

provides elemental data that can assist archaeologists in determining what functional use 

human occupants assigned to specific areas within an archaeological site. 

 

This preliminary work has demonstrated the efficacy of the method across the range of sites 

tested. However, all of these sites displayed distinct evidence of the presence of 

archaeological features. The second and third phases of this work would be to investigate 

sites where some limited evidence of anthropogenic exist or is suspected (brown field sites) 

and then sites where there is no known evidence of the presence of buried archaeological 

remains (green field sites). The second and third phases of this investigation were beyond the 

remit of this study but are seen as important areas for further research.  

 

The MMI flower pot experiments provided evidence that the Capillary Rise and Evaporation 

model is a process potentially responsible for the formation of anthropogenic soil 

geochemical anomalies derived from archaeological artefacts. These experiments also 

demonstrated how rapidly MMI detectable metallic element soil anomalies were generated 

and fixed.  

 

To date MMI has been used for the geochemical characterization of anomalies present in soil 

samples. The Calleva House 1 samples analysed were not of this type of material. They were 
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dust and fine detritus taken from the surface of the floors of different rooms within the 

House. There was no soil profile and the mechanism of formation of the anomalies was 

mechanical (wind or human traffic transfer). Nonetheless, the geochemical anomalies 

identified by this sampling were archaeologically meaningful and confirmed the SAD results 

obtained by Cook et al. (2010), Cook et al. (2005). These results are significant because they 

demonstrate that the MMI technique has a much wider application than just soil sampling.  

This research has confirmed that MMI partial extraction soil geochemistry is a very effective 

tool for use in archaeological investigations whose value is substantially increased when it is 

employed in conjunction with geophysical techniques such as magnetic gradiometry and 

remote sensing imagery. 

 

The ability of MMI to quickly and cost effectively locate and define multi-element soil 

geochemical anomalies makes it an ideal tool for use in situations where non-invasive 

investigation is necessary in culturally sensitive areas such as Scheduled Monument sites. It 

is also likely to prove valuable in Rescue Archaeology situations. These are circumstances 

where archaeologists are given limited time and money to detect and evaluate sites of 

archaeological importance. It is foreseen that these may become an important applications for 

MMI in the near future. 

 

The discovery that MMI can provide meaningful geochemical information for archaeological 

materials other than soils opens the opportunity for use of the technique in the Functional 

Area characterization of materials such as floor sweepings and other detritus from 

archaeological structures.  

 

A field in which MMI soil geochemistry may have good application is the identification and 

characterization of anthropogenic soil geochemical anomalies associated with Aboriginal 

sites in Australia. It has been shown that MMI can distinguish soil geochemical anomalies in 

Australia for which provenance can reasonably be identified (Mann, 2011, Mann et al., 

2016). Combination of those findings with the results of this research, which demonstrated 

the ability of MMI to detect anthropogenic soil signatures, suggests such investigations could 

be fruitful.  
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The fact that elemental suites indicative of lithology have been defined by this research 

indicates that in addition to the characterization of anthropogenic soil anomalies, MMI may 

be suitable for the identification of the underlying geology from which soils are wholly or 

partially derived (Mann et al., 2016). This could result in better soil mapping which has 

implications for agriculture in terms of crop selection and areas to be farmed. It is believed 

that the direct use of MMI in agriculture and viticulture will be expanded because it provides 

valuable information on the bio-availability of elements in soils for plant uptake and can 

define the range and quantity of additional nutrient fertilizers that plants require (Mann et al., 

2012). 

 

The observations on the processes of formation and fixation of anthropogenic multi-

elemental MMI anomalies have contributed to the better understanding of this important issue 

and it is recommended that these studies be continued so as to be able to better characterize 

the pH, Eh and chemical speciation of elements which allow the formation (or absence) of 

these anomalies. This is of fundamental importance for geoarchaeologists to be able to 

interpret the geochemistry of soils overlying archaeological sites.  

 

This work has shown that geoarchaeologists should endeavour to measure as many elements 

as possible and should utilize ALL of the data obtained. The generation of multi-element 

signatures for anthropogenic soils associated with specific archaeological features or 

particular Functional Areas can facilitate the detection of other similar features, especially 

when the data are used in conjunction with statistical techniques, such as DOGS or DOGA. 

The utilization of the multi-elemental data suites may also make it easier to determine the 

relationships between sites/Functional Areas by looking fully at the similarities and 

differences of the elemental suites characteristic of each feature. 

 

Where possible, geoarchaeologists should consider the use of a ligand-based partial 

extraction method (such as MMI) in conjunction with strong acid and /or near total analyses 

in archaeological site investigations. The choice of geochemical technique must be predicated 

on the nature of the site to be investigated. Where the anthropogenic signature is likely to 

contain residual mineral components which are unlikely to be substantially dissolved by 

ligand based extractant solutions (for example cassiterite at tin mining/processing 

archaeological sites), the use of near total analysis (XRF) or strong acid digest analysis is 

preferable. The combination of a ligand based partial extraction with a strong acid digest (or 
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XRF) will commonly provide the best outcome as it will give the strongest anthropogenic 

signature for elements transported in solution from depth and adsorbed onto near surface soil 

components (clays, iron oxides, organic matter, etc.) whilst the signature from relatively 

unweathered artefactual material (resistant minerals such as cassiterite, slag remnants, glass, 

ceramics, etc.) may best be detected using near total or strong acid digest analyses. When 

utilized in concert with geophysical techniques such as magnetic gradiometry/ground 

penetrating radar and remote sensing imagery, this geochemical combination will provide the 

optimal non-invasive signature of a concealed archaeological site. 

 

Utilization of the optimal sampling location design will provide the most geochemically 

productive and cost-effective survey result. To achieve this it is desirable to have an 

understanding of the size, scale and nature of the concealed site being investigated. This can 

be provided by considering the distribution and nature of materials found at surface by field 

walking and the presence of remnant surface exposures. Remote sensing imagery can also be 

valuable in documenting the extent of many archaeological sites. However, the most useful 

information to aid the design of the geochemical sampling programme is likely to be 

provided by the results of gradiometric magnetic surveying, which is commonly one of the 

earliest systematic investigations carried out on any archaeological site. The geochemical 

sampling density will be dictated by size and complexity of the archaeological site and will 

be impacted by cost constraints. The extensive use of MMI soil geochemistry in mineral 

exploration has shown (Mann et al., 2005, Mann et al., 1998) sampling on a 100 × 25-50 m 

grid to be effective in locating buried base metal and gold mineralization. The use of a similar 

density sampling grid would be an acceptable basis for a geochemical survey over a 

substantial archaeological site. The density of sampling within that grid should be adjusted 

(closer sampling interval) to take into account features highlighted by the geophysical and 

field walking results. The mineral exploration experience has shown that MMI soil 

geochemical anomalies are commonly located above the buried mineralization with limited 

dispersion (as compared with strong acid digest results where soil anomalies tend to be offset 

and/or less well defined). The same has been found for the metal cupelling sites at St. Algar’s 

Farm (Sylvester et al., 2016) and this needs to be considered when sample infilling is being 

planned to more clearly define anomalies detected by the reconnaissance survey. 

Nonetheless, a sampling grid of 5 × 5 m is considered sufficient to fully detail an 

anthropogenic soil geochemical anomaly in an archaeological context. 
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