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Abstract
Predictive linear regression (LR) modelling between bioaccessible arsenic (B-As) and a range
of total elemental compositions and soil properties was executed in order to assess the
potential for developing a national B-As dataset for the UK. LR indicates that total arsenic
(As) is the only highly significant independent variable for estimating B-As in urban areas
where it explains 75-92% of the variance. The broad compatibility of the London, Glasgow
and Swansea regression models suggests that application of these models to estimate
bioaccessible As in UK soils impacted by diffuse anthropogenic urban contamination and
non-ferrous metal processing should be relatively accurate. In areas dominated by Jurassic
ironstones and associated clays and limestones, total As, P and pH are significant, accounting
for 53, 14 and 5%, respectively, of the B-As variance. Models based on total As as the sole
predictor in the combined Jurassic and Cretaceous sedimentary ironstones datasets explain
about 40% of the B-As variance. The median As bioaccessible fraction (%As-BAF) is 19 to
28% in the anthropogenic contamination impacted urban domains, but much lower (5-9%) in
geogenic terrains dominated by ironstones. Results of this study can be used as part of a lines
of evidence approach to localised risk assessment but should not be used to replace
bioaccessibility testing at individual sites where local conditions may vary considerably from
the broad overview presented in this study.
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1. Introduction

A substantial proportion of the landscape of the UK has naturally elevated topsoil
concentrations of total arsenic (As) which exceed the Soil Guideline Value (SGV), a
threshold used in the preliminary assessments for land contamination (DEFRA-EA, 2002).
Inorganic As SGVs for residential, allotment and commercial land uses are 32, 43 and 640
mg kg-1, respectively (Martin et al., 2009). Approximately 1300 km2 of the land surface of
England underlain by ironstone and about 2200 km2 of land impacted by mineralisation have
topsoil As >32 mg kg-1 (Ander et al., 2012).
The main exposure pathway for As in soil is via soil ingestion (Paustenbach, 2000; DEFRA
2002; Bacigalupo and Hale, 2012), therefore, from a human health perspective, it is not the
total amount of As in the soil but the fraction that is absorbed into the body during soil
ingestion i.e. the bioavailable fraction, that is important for assessing human health risk. The
measurement of the bioavailability of As in soil requires in vivo testing using humans or
animal surrogates, a time consuming, costly and ethically challenging process. However, in
vitro bioaccessibility testing has been developed and validated specifically to provide a
conservative estimate of bioavailability (Basta et al., 2007; Caboche, 2009; Denys et al.,
2012; Juhasz et al., 2007a). The in vitro bioaccessibility assay estimates the fraction of As
released from the soil into solution in the gastro-intestinal (GI) tract in a form that can
potentially be absorbed into the blood stream (Paustenbach, 2000; Wragg and Cave, 2003;
Intawongse and Dean, 2006). Guidelines for the use of data produced by in vitro
bioaccessibility testing methods in human health risk assessment have recently been
produced in order to assist the risk assessment and regulatory communities (Nathanail, 2009).
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The bioaccessibility and hence bioavailability of any contaminant bound to the soil depends
upon the soil type, properties of the soil, particle size, the contaminant and the manner by
which the contaminant has entered the soil (Palumbo-Roe et al., 2005; Selinus, 2005; Juhasz
et al., 2007a,b; Wragg et al., 2007; Meunier et al., 2011a,b; Mingot et al., 2011). Cave et al.
(2011) have described how specific properties of soil, such as pH, organic matter content,
mineral constituents, solid phase partitioning of As and soil ageing may influence
bioaccessibility of As and other contaminants. A number of workers have successfully
carried out multiple linear regression (MLR) modelling of the bioaccessible As content of
soils using their physico-chemical properties, such as the elemental composition of the soil
and soil pH as the predictor variables (Yang et al., 2002; Klinck et al., 2005; Tang et al.,
2007; Juhasz et al., 2007b, 2008). Sarkar et al. (2007) used the element composition, pH, clay
content and cation exchange capacity and Cave et al. (2007) used spectral properties derived
from near infra-red spectra of the soils. If a model is robust it can be used to predict
bioaccessibility from soil properties so that the in vitro bioaccessibility test does not have to
be carried out on every soil from a given soil region. However, site specific investigations
would have to be carried out. In addition, the models predictor variables and the relative size
of their coefficients can provide an insight into the processes governing the bioaccessibility
of As in the soils. However, the model is useful only if the soil properties used for prediction
of bioaccessibility are already known or are more easily and cheaply measured than the in
vitro bioaccessibility test. Furthermore, the MLR models tend to be very specific to
particular soil types and parent materials (PMs), so cannot be applied universally and due
consideration is required of the uncertainties of bioaccessibility models based on small
numbers of analyses.
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The British Geological Survey (BGS) holds extensive geochemical data and archives of soils
collected under the Geochemical Baselines (G-BASE) Project (Johnson et al., 2005). If MLR
or linear regression (LR) models could be set up using the soil geochemical data as predictor
variables and As bioaccessibility data from selected in vitro bioaccessibility testing of soils, it
would then, theoretically, be possible to predict the As bioaccessibility at a national scale and
produce As bioaccessibility maps.
In this feasibility study, predictive regression modelling between bioaccessible As and a
range of total elemental compositions and soil properties was executed for (1) the
anthropogenically contaminated London (Scheib et al., 2011), Swansea (Marchant et al.,
2011) and Glasgow (Broadway et al., 2010; Farmer et al., 2011) urban areas and (2) geogenic
As associated with middle Jurassic ironstones and associated soil parent materials in the
English East Midlands (Wragg et al., 2007) and Cretaceous ironstones in eastern England
(Breward, 2007) and their associated soil parent materials (PMs). The objective was to assess
the potential for developing bioaccessible As datasets derived from the BGS National and
Urban Soil Chemistry datasets (Appleton et al., 2008; BGS, 2009; Appleton, 2011; Appleton
and Adlam, 2012).

2. Geogenic and anthropogenic sources of arsenic in England and Wales

In central England concentrations above the residential As SGV (32 mg kg-1) stretch from the
Humber Estuary in the north all the way to the Bristol Channel in the southwest (Figure 1;
Appleton et al., 2008; Rawlins et al., 2012). The majority relate to early Jurassic calcareous
ironstones of the Northampton Sand and Marlstone Rock formations (Wragg et al., 2007).
The most northern part of the feature relates to the Lower Cretaceous Claxby and Lower
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Jurassic Frodingham ironstones (Palumbo-Roe et al., 2005; Breward, 2007) which occur in
predominantly mudstone sequences. In sedimentary rocks, As is usually associated with iron
and clay minerals, sulphides, organic matter and phosphates and as a consequence tends to be
enriched in sedimentary ironstones, mudstones and coals. The association with phosphates is
due to the chemical similarity between the PO43- and AsO43- anionic groups, while a strong
association with sedimentary iron oxides is mainly due to the very low solubility of FeAsO4
and also strong affinity for Fe oxyhydroxides (Cornell and Schwertmann, 2003)
Anthropogenic sources of As include coal combustion, sulphide ore roasting and smelting,
pig and poultry sewage and some phosphate fertilisers (Reimann and de Caritat, 1998). The
largest cluster of elevated total As concentrations can be seen throughout the southwest of
England, which are related to Cu-Sn mineralisation associated with granite intrusions as well
as the legacy of mining and mineral processing in the area, including arsenic refining (Klinck
et al., 2005; Palumbo-Roe and Klinck, 2007). For the majority of urban areas, As
concentrations are low and below the SGV (Flight and Scheib, 2011), although higher total
As concentrations have been recorded in the urban topsoils from Swansea, Northampton,
Scunthorpe, Corby, Sheffield, Manchester and Hull (Flight and Scheib, 2011; Scheib et al.,
2011). The concentration of total As in Swansea topsoils is above the SGV for almost the
entire conurbation, largely due to the city’s industrial legacy of non-ferrous smelters
processing copper (Cu), As, lead (Pb), zinc (Zn), silver (Ag) and tin (Sn) (Marchant et al.,
2011). Mining of Jurassic ironstones occurred within and close to the Corby, Northampton,
Scunthorpe and Wellingborough urban centres, but only Corby and Scunthorpe had major
iron foundries.

3. Materials and methods
3.1 Sample selection
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In order for the predictive regression models to be robust, it is necessary to ensure that the
samples used for bioaccessibility testing are representative of the region under study.
The forty nine samples from London were selected to cover a range of total As and Pb
concentrations, but data for three samples were not used in this study because the extremely
high Pb concentrations meant that the As determinations were not reliable due to an XRF
analytical interference. Twenty five topsoils from the Swansea urban area (Morley and
Ferguson, 2001; Marchant et al., 2011) were selected to represent the wide range of total As
and As/Fe ratios. Data for regression modelling in the Glasgow area is for the G-BASE
samples reported in Broadway (2008), Broadway et al. (2010) and Farmer et al. (2011) which
were originally selected to provide a range of total Cr, Pb or As concentrations. Only nine of
the 21 bioaccessible As concentrations reported by Broadway in his PhD thesis (Broadway,
2008) were above the limit of detection of the ICP-AES analytical method (5 mg kg-1).
The Northampton urban area is underlain by the Middle Jurassic ironstones of the
Northampton Sand Formation (NSF) and associated Upper Lias Clays and Great Oolite
Group limestones. The soil geochemical data set, containing 276 samples and consisting of
43 major and trace elements, pH, organic carbon and available phosphorus (Olsen method)
was subjected to hierarchical clustering. The data were mean centred and scaled with
Euclidean distance linkage using Ward’s method. The resulting dendrograms suggested the
existence of 4 distinct clusters in the Northampton data. A total of forty nine were chosen for
further preparation and bioaccessibility testing. Twenty four topsoils with a range of
relatively high total As were selected to represent the Cretaceous Claxby ironstone and
associated ferruginous clays and sandstones in Lincolnshire.

3.2 Sample collection, preparation and determination of total concentrations
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Topsoil samples from the Glasgow, London, Northampton and Swansea urban areas were
collected from open ground on a 500 m grid at a density of approximately 4 samples per km2;
samples for the Lincolnshire (Claxby) rural area in eastern England were collected at a
density of approximately 1 sample per km2. At each site, composite samples, based on 5 subsamples taken at the centre and four corners of a 20 m square, were collected from the 5–20
cm depth. Approximately 40 chemical elements were determined in the <2 mm size fraction
of the topsoils. Sample preparation, X-ray fluorescence analytical methods, and quality
control procedures are described in Allen et al. (2011) and Johnson (2011).

3.3 Bioaccessible arsenic
Once selected for bioaccessibility testing, the samples were further sieved to <250 µm as this
particle size fraction is considered to be the optimum size to adhere to children’s hands
(Duggan et al., 1985). The <250 µm fraction of the samples was assessed for As
bioaccessibility As (B-As) using the Unified BARGE Method (UBM), an in vitro
physiological gastro-intestinal (GI) simulation previously described by Wragg et al. (2011)
and Denys et al. (2012). The UBM methodology has been validated against a Juvenile swine
model for As, cadmium (Cd) and Pb (Denys et al., 2012) in a study of 16 different soils
contaminated by mining and smelting practices, including the reference material NIST 2710.
Correlation between the relative bioavailability and bioaccessibility of As was highly
significant, both for the gastric and the gastro-intestinal phases, the slopes of the regression
were not significantly different from 1 and the intercepts of the regression were not
significantly different from zero.
Minor operational differences in the method occurred between the extraction of the
Northampton and Glasgow samples and those from Swansea, Claxby and London because
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the extractions were carried out at different phases of development of the UBM. The
differences are as follows:
•

The initial stomach phase pH for the Swansea, Claxby and London samples was fixed

at 1.2 (according to Denys et al, 2012), whereas for the Northampton and Glasgow samples
the tolerance on the initial stomach phase pH was 1.2 – 1.4 (according to Wragg et al, 2011);
and
•

The speed and length of time which the samples were spun at during the separation

stage (4500 g for 15 minutes for the Swansea, Claxby and London samples compared to 3000
g for 5 minutes for the Northampton and Glasgow samples).
The UBM methodology provides samples for analysis from both the ‘stomach’ (BS) and
‘stomach & intestine’ (BSI) phases, equating to gastric and intestine compartments, although
absorption of available As occurs in the small intestine of the GI tract. For the purposes of
this study the highest concentration found in either of the two extracts (assigned as B-As in
this study) was used for data interpretation; this was usually the BSI value.
Analysis of bioaccessibility extracts for the London, Northampton, Swansea and Claxby
samples was carried out as described by Wragg et al. (2011) using a Thermo Elemental
ExCell quadrupole ICP-MS instrument in combination with a Cetac ASX-510 autosampler,
according to the operating conditions previously described by Watts et al. (2008). The
Glasgow samples were analysed by ICP-AES Varian/Vista AX CCD simultaneous instrument
with dedicated Varian SPS-5 Auto-sampler according to the operating conditions previously
described (Wragg, 2005).
The quality control (QC) of the bioaccessibility extractions was monitored by carrying out
replicate analyses of the BGS guidance soil BGS 102 (Wragg, 2009). At present there are no
certified reference materials for bioaccessible As, however, the soils used for QC checks in
this study have been the subject of an international inter-laboratory trial (Wragg et al., 2009;
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2011), which has generated the reference values used in this study. Within every batch, of a
maximum of 10 unknown samples, one duplicate, one quality control soil and one blank were
extracted.
For all sample batches, London (n = 8), Glasgow (n = 4), Northampton (n=7), Swansea and
Claxby batch (n = 8) replicate bioaccessibility values for BGS 102 were in good agreement
with the consensus values of 4.5 ± 1.3 mg kg-1 and 5.4 ± 2.4 mg kg-1 for the ‘stomach’ and
‘stomach & intestine’ compartments respectively (Wragg et al., 2009; 2011). Bioaccessibility
values obtained for the two compartments for the London sample batch were 3.8 ± 0.1 mg kg1

and 3.3 ± 0.3 mg kg-1 respectively; 4.8 ± 0.3 mg kg-1 and 4.3 ± 0.3 mg kg-1 for Glasgow; for

Northampton 4.92 ± 0.24 and 3.24±0.28 mg kg-1 and for the batch which included Swansea
and Claxby 4.51±0.55 and 3.43±0.21 mg kg-1 respectively.
For the soils collected from London, extraction duplicates were carried out for both the
‘stomach’ (n=13) and the ‘stomach & intestine’ (n=6) phases of the UBM. The mean As
repeatability in the ‘stomach’ and the ‘stomach & intestine’ phases was 5.0% and 5.4%. Mean
repeatability for the duplicate soils (n=21) extracted from the Northampton, Swansea and
Claxby sample batch were 2.5 % in the ‘stomach’ and 2.3 % in the ‘stomach & intestine’
compartments of the UBM.
The UBM method detection limits for As were calculated as five times the average blank
measurement. The calculated detection limits for the two extraction phases for As in the
Northampton, Swansea, Claxby sample batch, equate to 0.5mg kg-1 in the ‘stomach’
compartment and 1.5mg kg-1 in the ‘stomach & intestine’ compartment of the UBM. For the
London sample batch, the calculated detection limits for the two extraction phases for As
equate to 0.7 and 0.95 mg kg-1 in the ‘stomach’ and the ‘stomach & intestine’ phases
respectively. For the Glasgow sampling area the calculated detection limits were calculated

Page | 9

as 5.8 mg kg-1 and 5.2 mg kg-1 for the two compartments. All blank UBM extractions
returned values below the method detection limits.
Differences between the As UBM bioaccessibility values before and after the stomach phase
pH tolerance was fixed to 1.2±0.05 were checked by comparing the results for the quality
control check sample, BGS102. For both the ‘stomach’ and ‘stomach & intestine’
compartments the method with wider pH tolerance (Glasgow and Northampton) gave As
bioaccessibility values that were in the normal range of the BGS 102 guidance soil and there
were no consistent biases between the two sets of conditions.

3.4 Comparison of UBM and BGS-PBET bioaccessibility data
Topsoil bioaccessible As (B-As) determined by the UBM method for (i) geogenic ironstone
and associated PMs and (ii) anthropogenically impacted urban areas (London, Glasgow,
Swansea) are compared with bioaccessible As data (PB-As) determined using the BGS-PBET
method (Cave et al., 2003) for (a) the Northampton Sand Formation (NSF) ironstones (PBETNSF) from Wellingborough (Wragg et al., 2007) and rural Northamptonshire (Palumbo-Roe
et al., 2005), (b) Tamar rural soils and Devon Gt. Consols Mine area medians (PBET-TAMA)
(Klinck et al., 2005; Palumbo-Roe and Klinck, 2007), (c) the Lower Jurassic Frodingham
ironstones in the Scunthorpe urban area (PBET-SCUN) (O’Donnell, 2005; Palumbo-Roe et
al., 2005) and (d) the Cardiff urban area (Cave et al., 2003).

3.5 Statistical analysis
LR and MLR analysis in MINITAB® was used to model the relationship between
bioaccessible As (B-As, <250 micron fraction) with total As, Al, Fe, K, Mg, Mn, Na, P, Si, Ti
in the <2mm fraction of topsoil samples. pH was included as a variable for London and
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Northampton, and pH and TOC for Glasgow only; pH and TOC data were not available for
the other datasets.

Regression analysis in this study was carried out in the following stages:
i.

Use Pearson correlation coefficients between dependent variable (B-As) and potential

independent variables (As, major elements, and pH, TOC and Olsen-P when data is available)
to select those independent variables with the strongest linear relationship with B- As.
ii.

For each data set, use the exploratory MLR procedures of stepwise linear regression

and best subset regression to identify the most important independent variables, bearing in
mind that these procedures have limitations when the sample size (n) is < 5 times the number
of independent variables. Repeat the MLR analysis after removing independent variables
from the model if the b-coefficients were not significant and/or the ANOVA p-value for an
independent variable was >0.05. The objective was to generate models which are
geochemically and mineralogically justifiable. Residuals plots were used to assess whether
residuals were approximately normally distributed.
Modelling bioaccessible As from total element concentrations in topsoils requires the
application of regression models between B-As in the <250 µm fraction with total As and
other chemical variables in the <2 mm fraction of topsoils. The relationship between total
element concentrations in the <2mm and <250 µm fractions was investigated using data for
London and Swansea; the results are reported in Appendix A (Supplementary data).
For Figure 3 where data populations are distinguished based on a plot of bioaccessible As
against total As, the boundaries for the data populations were drawn using a two dimensional
density estimate (Bowman and Azzalini, 1997) as implemented in the R programming
language (R Development Core Team, 2011) in the programme package “sm”.
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4. Results and discussion

4.1 Summary statistics
The mean, median and ranges of total As, bioaccessible As (B-As) and the bioaccessible
fraction (%As-BAF) are given in Table 1. Median soil pH is 5.4, 6.8 and 6.4 for Glasgow,
London and Northampton, respectively; no pH data is available for the Swansea or Claxby
soil samples. The proportion of As that is bioaccessible (%As-BAF in Table 1) is higher
(median 19-28%) in the Glasgow, London and Swansea urban areas where it is likely to be
derived predominantly from anthropogenic sources, than in the Northampton and
Lincolnshire (Claxby) areas (median 5-9%) where the As is likely to be derived mainly from
Jurassic and Cretaceous ironstones and associated PMs.

4.2 Regression analysis
The LR modelling procedures described above were followed leading to the production of a
range of statistically and geochemically appropriate LR and MLR models for bioaccessible
As (Tables 2 and 3). R2 indicates the proportion of the variance in B-As accounted for by
each regression model. All regression models are statistically significant (p <0.005). In least
squares linear regression, the method makes the assumption that all the uncertainty is
associated with the y axis. As a consequence, high intercept values may reflect the
magnitudes of the errors on the input parameters. Positive intercept values are theoretically
impossible so in such cases it may be more appropriate to use models without fitted
intercepts.

4.2.1 Glasgow
Stepwise regression and MLR using total As and the major elements as potential predictors
indicate that only total As is significant with total As explaining 69% of the total variance.
12

The fitted LR model for bioaccessible As has a moderate intercept (3.82) and the As
coefficients of the fitted and non-fitted models are very similar (0.165 and 0.218,
respectively; Table 2). The twelve Glasgow samples with B-As concentrations below the
limit of determination were not used in the regression analysis.

4.2.2 London
Stepwise regression using total As and the major elements, pH and LoI as potential predictors
indicate that only total As, Fe2O3, LoI and pH are significant. MLR confirms these as
statistically significant predictors with total As explaining 75% of the variance followed by
pH (6%), Fe2O3 (3%) and LoI (3%). Whilst B-As and total As correlate strongly with Fe, the
negative coefficient for Fe in the MLR model (Table 2) implies that Fe restricts
bioaccessibility of As. Previous studies (Palumbo et al., 2005; Wragg et al., 2007) have
shown that As associated with aged crystalline forms of Fe oxide has low mobility in
ingestion bioaccessibility tests. Using total As as the sole predictor, the LR fitted (Figure A-1
and Table A-1 in Supplementary data) and non-fitted models for bioaccessible As in the
London urban area (Table 2) have almost identical total As coefficients.

4.2.3 Swansea
Stepwise regression and MLR using total As and the major elements as potential predictors
indicate that only total As is significant. Using total As as the sole predictor, the LR fitted
(Figure A-2 and Table A-1 in Supplementary data) and non-fitted models for bioaccessible As
in the Swansea urban area (Table 2) have similar As coefficients, but the intercept (18.9 mg
kg-1 B-As) is impossibly high, probably influenced by the small number of samples with very
high total As concentrations. For the subset with <600 mg kg-1 As (Table 2), the intercept is
less (7 mg kg-1 B-As) but still positive with a magnitude similar to the uncertainties of the B-
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As determinations (Wragg et al., 2011). Models without fixed intercepts would probably be
more appropriate for this dataset.

4.2.4 Glasgow-London-Swansea combined
Arsenic coefficients for the LR models for the three urban areas where it is likely that most of
the As is derived from anthropogenic sources are broadly the same. MLR and stepwise
regression of the combined datasets (n = 80) confirms that As is the only significant predictor
of B-As. Similar total As coefficients (0.165 and 0.218) and relatively high intercepts (7.0
and 2.6 mg kg-1) characterise the models based on all the samples (n = 80) and on those
samples with <600 mg kg-1 total As (n = 78; Table 2). In both cases, the models with fitted
intercepts explain a very high proportion of the total variance (91-92%, Table 2).

4.2.5 Northampton
The Northampton urban area is underlain by the ironstones of the Northampton Sand
Formation, Upper Lias mudstones and calcareous rocks and limestones of the Great Oolite
Group (Appleton and Adlam, 2012). Stepwise regression and MLR using total As and the
major elements, pH and LoI as potential predictors indicate that only total As, P and pH are
significant with total As explaining 53% of the variance followed by pH (14%), and P (5%).
Using total As as the sole predictor, the LR fitted (Figure A-3 and Table A-1 in
Supplementary data) and non-fitted models for bioaccessible As in the Northampton urban
area (Table 3) have similar As coefficients. Using the subset of soil samples derived from the
ironstones of the Northampton Sand Formation (NSF, n = 23), stepwise regression based on
total As and the major elements, pH and LoI as potential predictors indicates that only P and
pH are significant. This is confirmed by MLR which shows that P explains 36% of the
variance and pH 32%. However, MLR models incorporating pH as a significant predictor
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cannot be applied to the national BGS soil data because pH values have not been determined
for all the BGS G-BASE soil samples.

4.2.6 Claxby ironstone and associated parent materials
This group of soils are derived from the Cretaceous Claxby ironstone, iron-rich mudstones
and sandstones, together with a few Fe and As enriched samples derived from the Cretaceous
Lower Greensand. Stepwise regression and MLR indicated that there are no statistically
significant predictors of B-As.

4.2.7 Combined Northampton and Claxby ironstones and associated parent materials
Stepwise regression and MLR of the combined soil data for the Middle Jurassic NSF and
Cretaceous Claxby ironstones and associated PMs (n = 73, Table 3) produced a model with
total As, Fe (negative coefficient), Mg and P explaining 41%, 4%, 0.3% and 18%,
respectively of the variance of B-As. The LR model based on total As as the sole predictor
has a very low As coefficient (0.04, Table 3). Combining just the soil samples derived from
the NSF and Claxby ironstones (n = 42), produced an MLR model in which total As, Ca, Fe
and P explained 40%, 17%, 13% and 5% respectively of the total variance of B-As. The LR
model with total As as the sole predictor again has a very low coefficient (0.03), which is
compatible with the low %B-As (Table 1) for soils derived from these ironstones and
associated PMs.

4.3 Comparison of UBM bioaccessibility for soils enriched in arsenic related to geogenic and
anthropogenic processes
The summary percentage bioaccessibility statistics (Table 1), LR models (Tables 2 and 3) and
Figure 2 clearly illustrate that soil samples enriched in As as a result of anthropogenic
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processes (metal processing, disposal of coal ash, and background urban contamination) form
a population that is significantly different to that for soils enriched in As principally as a
result of geogenic controls. Soil samples from Glasgow and London, which probably reflect
low level As enrichment resulting from disposal of coal ash and background urban
contamination, fall within the same area of Figure 2, whilst the samples for Swansea follow
the same trend but at much higher total As and B-As concentrations, reflecting the
widespread impact of metal processing in the Swansea area. In contrast, the soil samples from
Northampton and those from Claxby ironstone and associated PMs plot in a completely
different field on the LnB-As vs. LnAs plot (Figure 2). There is overlap between the two
groups of soils enriched in As as a result of geogenic processes, with soils derived from
Claxby ironstones and associated PMs having higher total As (and Fe) and B-As but
following the same broad trend as the Northampton soils derived from the Northampton Sand
Formation ironstones and associated PMs (Figure 2).

4.4 Comparison of UBM data with published BGS-PBET bioaccessibility data
The mean, median and ranges of total As, BGS-PBET bioaccessible As (PB-As) and the
bioaccessible fraction (%As-PB-BAF) are given in Table 4. The BGS-PBET data for the
Northampton Sand Formation ironstones from Wellingborough and rural Northamptonshire
generally fall within the same field as the UBM data for the NSF samples from Northampton
and the Cretaceous ironstones and associated PMs, although some of the BGS-PBET data
indicate lower bioaccessibility than the UBM bioaccessible As data (Figure 3). The BGSPBET data for the Frodingham ironstones in the Scunthorpe area mainly fall within the UBM
‘geogenic’ (ironstone and associated parent materials) field although a few have higher
relative bioaccessibility and plot within the anthropogenic field. These soil samples are
located close to the iron foundries in Scunthorpe so may be impacted by diffuse pollution
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derived from metal processing and consequently have higher As bioaccessibility, as observed
in the Swansea area. BGS-PBET data for regional soils from the Tamar catchment generally
fall within the ‘geogenic’ field and its extension towards higher total As and B-As
concentrations (Figure 3). However, there are a group of 5 samples from the immediate
vicinity of the Devon Great Consols Mine with greater than 500 mg kg-1 As which overlap
with the UBM ‘anthropogenic’ field and have higher bioaccessibility of 15-20% compared
with an average of about 7% for ‘background’ soils from the Tamar catchment (Figure 3).
Arsenic was produced at Devon Great Consols arsenic refinery between 1865 and 1930 by
burning arsenopyrite, so it is likely that soils in the immediate vicinity will be impacted by As
oxide soot, which is likely to have a higher bioaccessibility than arsenopyrite and its natural
weathering products. BGS-PBET data for three soils collected from fields to the north of
Cardiff plot within the UBM ‘geogenic’ field and have an average bioaccessibility (%As-PBBAF) of 13%. One sample from woodland outside the urban area has a much high PB-As
(11.6 mg kg-1) and %As-PB-BAF (30%) although the soil has a very low pH (3.2), which
may explain the higher bioaccessibility. Fourteen samples from the Cardiff urban area
collected from industrial sites, residential gardens and allotments, plot within the UBM
‘anthropogenic’ field (Figure 3) and have an average bioaccessibility (%As-PB-BAF) of
25%. Only one urban soil sample, collected from reclaimed land near the Cardiff East Moors
steel works (Brown, 2001) has an unusually low bioaccessibility (5% As-PB-BAF).

4.5 Comparison of the As bioaccessibility data with other studies
To date this study is the most comprehensive survey of the bioaccessibility of As in the UK in
terms of the number of soil samples analysed, the regional coverage and the use of a
validated bioaccessibility test. Comparing the results from this work to other studies is not
straight forward because of the different methods used for measuring bioaccessibility;
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however, making the assumption that there is broad agreement between methods some
generalised comparisons can be made. Cave and Wragg (2003) carried out a preliminary
assessment of the bioaccessibility of As in UK soils using a modified version of Ruby’s
method (Cave, 2003). In a similar manner to this study, they found that the As from areas
with greater anthropogenic disturbance (Cardiff city and the As mine at Devon Great
Consoles in Devon) the bioaccessibility was generally higher (median values 10-22%) than in
Wellingborough where the As in the soil was naturally derived from underlying ironstones
(median value 6%). In other countries most of the As bioaccessibility studies have
concentrated on anthropogenic contamination. In the US a recent study (EPA, 2010) has
measured the in-vivo bioavailability (using juvenile swine) of As in 29 soils from 11
contaminated sites mostly associated with mining activity which gave a relative
bioavailabilities ranging from 10-60%. In Australia (Juhasz et al., 2007b) measured the
bioaccessibility of As in soils contaminated with As based herbicides and cattle dips, soils
from former gold mine sites and from highly mineralised sites containing geogenic As using
the glycerine based bioaccessibility method (Drexler, 2007). The bioaccessibility of As
within each soil type was variable but overall all of the soils had relative bioaccessible As
<50%.

4.6 Production of bioaccessibility maps using LR models
The combined Glasgow-London-Swansea (GLS) model (B-As = 0.175 total As) was used to
produce an estimated B-As map from an estimated topsoil total As dataset for the Swansea
urban area created by interpolating log transformed total As data to a 100m grid using an
IDW algorithm (Appleton, 2011). The resultant bioaccessible As map (Figure 4) shows that
an extensive part of central Swansea is characterised by estimated B-As concentrations
greater than 10 mg kg-1 but only a relatively restricted area has B-As exceeding 30 mg kg-1.
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5. Conclusions
The relationship between bioaccessible and total As in UK urban areas, such as London and
Glasgow, where soil As concentrations are probably impacted by spreading of coal ash and
other types of background anthropogenic contamination, appears to be consistent with data
for urban centres, such as Swansea, which have a long history of non-ferrous metal
processing including As refining.
Total As is the only statistically significant predictor in the Glasgow, London and Swansea
urban areas explaining 91-92% of the B-As variance, whereas for ironstone domains models
based on total As as the sole predictor explain only about 40% of the variance of B-As.
Comparison of the results of the new UBM bioaccessibility data with previously published
BGS-PBET data appear to indicate that the results of the two methods are broadly similar for
soils impacted by geogenic ‘contamination’. The origin and mineralogy of the soils can
impact on the bioaccessibility of As, so bioaccessible As concentrations estimated using these
models should be treated with some caution. However, the broad compatibility of the
London, Glasgow and Swansea regression models suggests that application of these models
to estimate bioaccessible As in UK soils impacted by normal types of background urban
contamination and non-ferrous metal processing should be relatively accurate. Equally,
application of the ‘geogenic’ model based on bioaccessibility data for the Jurassic and
Cretaceous ironstones to all sedimentary ironstone terrains in the UK appears to be justified.
Validation of the models reported in this study by comparable studies in other urban areas of
the UK, such as Corby (Scheib and Nice, 2009), Sheffield (Rawlins et al., 2005) and
Humberside (Rawlins et al., 2006) should be carried out along with re-analysis of some of the
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Tamar and Wellingborough samples by the UBM method to assess in more detail the
relationship between As bioaccessibility determined by these two methods.
Oxalate extractable As or near infra-red spectral data indicating the different forms of Fe
oxides in the soil may be significant predictors of As bioaccessibility. Unfortunately this
information is not available in the UK national G-BASE dataset.
The results of this study draw broad conclusions on the bioaccessibility of As in
anthropogenic (urban) and geogenic environments in the UK. These results can be used as
part of a lines of evidence approach to localised risk assessment but should in no way be
used to replace bioaccessibility testing at individual sites where local conditions may vary
considerably from the broad overview presented in this study.
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Table 1 Summary statistics for total As (<2 mm fraction), UBM bioaccessible arsenic (B-As,
<250 µm fraction) and bioaccessible fraction (% As-BAF)

Total As (mg kg-1)
N

B-As (mg kg-1)

Range

Mean

Median

Range

%As-BAF

Mean

Median

Range

Mean

Median

Glasgow

21

8-130

32

24

2.5-25.0

6.5

2.5

6-63

22

19

London

46

7-88

25

21

1.7-27.5

7.6

5.9

12-68

30

28

Swansea

25

55-

313

170

13-313

66.6

42.0

10-44

25

22

2161
Northampton

49

17-70

36

33

1.2-6.7

3.2

2.9

5-14

9

9

24

37-224

120

119

3.1-18.3

6.7

5.6

2-15

6

5

(NSF and
associated parent
materials)
Claxby ironstone
and associated
parent materials
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Table 2 Least squares linear regression models for bioaccessible arsenic: principally
anthropogenic sources
Dataset

N

Intercept1

GLASGOW (G)

9

F

9

NF

46

F

LONDON (L)

Model formula (MLR models in italics)

R2

B-As = 3.82 + 0.165 As

69%

B-As = 0.218 As

90%

B-As = - 13.8 + 0.350 As - 1.25 Fe2O3 + 0.480 LOI +

88%

2.15 pH

SWANSEA (S)

SWANSEA < 600

46

F

46

NF

25

F

25

NF

23

F

23

NF

80

F

80

NF

78

F

78

NF

B-As = -0.15 + 0.307 As

75%

B-As = 0.303 As

91%

BS As = 18.9 + 0.153 As

91%

BS As = 0.174 As

93%

BS As = 7.28 + 0.203 As

82%

BS As = 0.228 As

95%

B-As = 7.04 + 0.165 As

92%

B-As = 0.175 As

92%

B-As = 2.576 + 0.2184 As

91%

B-As = 0.230 As

94%

mg/kg As subset

G+L+S

G + L + S < 600
mg/kg As subset

1

F = fixed; NF = not fixed

30

Table 3 Least squares linear regression models for bioaccessible arsenic: principally
geogenic sources

Dataset

N

Intercept1

Northampton

49

F

Model formula (MLR models in italics)

R2

BS-As = - 3.39 + 0.0359 As + 0.000507 P +

72%

0.654 pH

NSF ironstone

Northampton + Claxby

49

F

BS As = 0.84 + 0.064 As

53%

49

NF

BS As = 0.0847 As

93%

23

F

BS-As = - 5.54 + 0.000697 P + 1.20 pH

69%

23

F

BS As = 0.6356 + 0.06795 As

42%

23

NF

B-As = 0.0811 As

93%

BS As = - 1.20 + 0.0692 As - 0.000057 Fe +

66%

73

0.000524 Mg + 0.00156 P

NSF and Claxby

73

F

73

NF

42

F

ironstones

1

41%

B-As = 0.0561 As

77%

BS As = 0.934 + 0.0642 As + 0.000079 Ca -

75%

0.000048 Fe + 0.000728 P
42

F

42

NF

F = fixed; NF = not fixed *
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B-As = 2.02 + 0.0364 As

BS As = 2.58 + 0.0280 As

40%

BS As = 0.0513 As

80%

Table 4 Summary statistics for total As (<2 mm fraction), BGS-PBET bioaccessible arsenic
(PB-As, <250 µm fraction) and bioaccessible fraction (% As-PB-BAF)

Total As (mg kg-1)
Area
Cardigan (rural)

N
4

Range
15- 39

PB-As (mg kg-1)

Mean

Median

26

25

Range
2.0 – 12

%As-PB-BAF

Mean

Median

Range

Mean

Median

4.9

3.1

10 –

18

15

30
Cardigan (urban)

15

21-158

47

34

1.9 – 35

10.8

7.6

5 – 45

23

22

4

71-2105

1009

929

7 – 408

155

102

9 – 19

12

11

Tamar (rural)

94

9-865

94

32

0.7-126

8.7

2.5

3 – 27

9

9

Scunthorpe

40

20-179

42

34

2.4-17

5.2

4.3

3 – 30

15

14

Wellingborough

34

13-332

72

63

1.7-6

3.0

2.7

1 – 13

5

4

Devon Great
Consols Mine

32

Figure 1 Estimated Total As in topsoils of England and Wales (IDW interpolation of LnAs
BGS G-BASE and NSI topsoil data; Scun = Scunthorpe, Clax=Claxby,
Well=Wellingborough, Nort=Northampton, Lond=London, Swan=Swansea, Card=Cardiff,
Tama=Tamar)
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Figure 2 Relationship between Ln Total As (LnAs <2mm fraction) and Ln B-As (<250
micron fraction) for geogenic (ironstone and associated parent materials; CLAX=Claxby;
NORT=Northampton) and anthropogenic (GLAS=Glasgow, LOND=London,
SWAN=Swansea) domains
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Figure 3 Relationship between total Ln Total As (<2mm fraction) and Ln B-As (<250 micron
fraction) for UBM ironstone and associated parent materials domain (dashed line), UBM
anthropogenic domain (London, Glasgow, Swansea; solid line), with BGS-PBET
Northampton ironstone data from Wellingborough and rural Northamptonshire (NSF), Tamar
rural soils and Devon Gt. Consols Mine area medians (Tamar), the Lower Jurassic
Frodingham ironstones in the Scunthorpe urban area (Scunthorpe) and urban and rural
topsoils from the Cardiff area.
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Figure 4 Estimated bioaccessible As in topsoils in the Swansea area (coastline: Ordnance
Survey Strategi data © Crown copyright 2012)
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Appendix A. Supplementary data
Section A-1
Linear regression models for London and Swansea anthropogenic domains and
Northampton geogenic domain
Table A-1 Model statistics for linear regression models in Figures A-1, A-2, A-3

n

Intercept Coeff.

Intercept SE

Intercept P

Slope

Slope

Coeff.

SE

R2
Slope P

R2

adj.

Figure A1

46

-0.157

0.791

0.843

0.306

0.027

<0.0005

75.1

74.5

25

18.900

5.291

0.002

0.153

0.010

<0.0005

91.0

90.6

49

0.844

0.340

0.017

0.064

0.009

<0.0005

53.3

52.3

Figure A2
Figure A3
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Figure A-1 Confidence limits (95%) for B-As (<250 micron fraction) vs. Total As (<2mm
fraction) linear regression model for topsoils derived from London anthropogenic domain

Figure A-2 Confidence limits (95%) for B-As (<250 micron fraction) vs. Total As (<2mm
fraction) linear regression model for topsoils derived from Swansea anthropogenic domain
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Figure A-3 Confidence limits (95%) for B-As (<250 micron fraction) vs. Total As (<2mm
fraction) linear regression model for topsoils derived from Northampton geogenic domain
Section A-2
Comparison of models based on <2 mm and <250 µm fractions
Summary statistics for the <2mm and <250 µm fractions of the London samples (Table A-1)
show that mean and median As are very similar in the <2mm and <250 micron fractions,
whilst mean Si and Fe are about 18% higher in the <2mm fraction and mean Al and Mg
slightly higher in the <250 µm fraction. The closed array (100%) effect will impact on these
relationships (Reimann et al., 2008).
Mean and median As are similar in the <2mm and <250µm fractions of the Swansea urban
samples whilst Si is slightly higher in the <250 µm fraction and mean Al and Ca, are slightly
higher in the <250 µm fraction (Table A-2).
The LR models for B-As vs As (<2mm) and total As (<250 µm) are very similar in both the
London and Swansea areas (Figures A-4 and A-5). These results suggest that in the London
and Swansea areas, size fraction is not an important factor for B-As vs. total As models. At
high total As concentrations, grain size distribution may be a more important factor in some
samples, if there is significant influence caused by the type of anthropogenic contamination
or the types of soils developed on different PMs.

Page | 39

Table A-2 Summary statistics for <2mm and <250 µm fractions of topsoils from London
urban area (n = 49)
Variable
Mean Minimum Median Maximum
B-As <250 µm
7.5
1.7
5.8
27.5
As < 2mm
24
1
20
88
As <250 µm
25
1
19
100
Al2O3 < 2mm
7.7
4.1
7.0
14.1
Al2O3 <250 µm
8.3
4.5
7.7
13.6
CaO < 2mm
2.6
0.4
2.2
6.0
CaO <250 µm
2.5
0.2
1.9
5.9
Fe2O3 < 2mm
5.1
1.4
4.9
13.0
Fe2O3 <250 µm
4.3
1.4
4.1
10.3
MgO < 2mm
0.9
0.2
0.8
1.8
MgO <250 µm
1.0
0.3
1.0
1.8
SiO2 < 2mm
60.7
32.0
62.0
78.0
SiO2 <250 µm
51.5
28.4
52.2
69.0

Table A-3 Summary statistics for <2mm and <250 µm fractions of topsoils from Swansea
urban area (n = 25)
Variable
Mean
Minimum Median Maximum
B-As <250 µm
67
13
42
313
As < 2mm
313
55
170
2161
As <250 µm
320
53
171
2343
Al < 2mm
46129
26979 46023
73002
Al <250 µm
45198
25392 45494
67183
Ca < 2mm
19691
357
6718
102488
Ca <250 µm
15529
357
5360
73328
Fe < 2mm
49504
24549 41684
118828
Fe <250 µm
46323
26158 37977
132466
Mg < 2mm
4053
1809
3619
11459
Mg <250 µm
4005
1809
3619
12665
Si < 2mm
199035
106943 197074
282068
Si <250 µm
221134
128425 213886
316159
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Figure A-4 Scatterplot for relationship between-As in <250 micron fraction and total As in
<2mm and <250 micron fractions of London topsoils

Figure A-5 Scatterplot for relationship between-As in <250 micron fraction and total As in
<2mm and <250 micron fractions of Swansea topsoils

Page | 41

