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Preface

According to Goldschmidt, Geochemistry describes elemental distributions in
geochemical spheres, assessing their abundances and rules driving element frac-
tionations therein. Since dawn of civilization and more so since the Industrial
Revolution, at the same time, the development of analytical techniques allow us to
exposures can significant human health, especially interactions between solids (or
products coming from their dissolutions) and different interfaces within the human
body (respiratory, gastrointestinal, skin). These phenomena the recognition of this
role. This solid-liquid processes between geogenic materials, dust or soils, and the
human body in order to explain to the medical community. These contributed to the
recognition of mechanisms responsible for several health maladies, the growth of a
new geochemical branch, Medical Geochemistry.

This book is provided for students and researchers (chemists, geologists, geo-
chemists, environmental scientists) Medical Geochemistry. The chapters in this
lectures that the authors the Summer School on Medical Geochemistry at the
Institute of the Coastal Marine Environment of Italian National Research Council
(IAMC-CNR) in Capo Granitola (Italy) the University of Palermo and CNR with
the aid of Regione Sicilia and contributions of Thermo Scientific and Bruker
Corporation Italia.

Related to the human exposure interactions with geogenic solids, the structure
of this book is based on eight chapters regarding the inhalation of suspended
solids and their dissolution in contact with lung fluids; effects of the biological,
geographical, dietary, and environmental exposure histories on the compositions
of human bones; the origin of source materials of potentially inhaled atmospheric
dust; biological effects on crystallization of newly formed minerals; mineralogical
techniques exploited to investigate newly formed biominerals under physiological
conditions; and trace element accumulations in hairs as a consequence of the human
environmental exposure, rigorous assessment of the applied to data.

University of Palermo, Palermo, Italy Paolo Censi
Duke University, Durham, USA Thomas H. Darrah
The Hebrew University of Jerusalem, Jerusalem, Israel Yigal Erel
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Chapter 1
Using the Trace Element Contents
in Bronchoalveolar Lavages to Probe
the Human Exposure to Inhaled Particulates

Paolo Censi, E. Tamburo, L.A. Randazzo, Pierpaolo Zuddas, Angela Cuttitta,
and Thomas H. Darrah

Abstract Explosive volcanic eruptions eject large volumes of high surface area,
metal-rich dust and ash into the atmosphere. In areas near major volcanic eruptions,
humans often interact with these materials and may bioaccumulate heavy and toxic
metals. To evaluate these interactions, we examine bronchoalveolar lavage samples
(BAL) collected from people exposed to the paroxysmal 2001 Etna eruption. BAL
samples reveal a strong enrichment of many toxic heavy metals and the capacity
for trace elements released from inhaled particles to induce crystallisation of
phosphatic microcryst biominerals in intraaveolar spaces. BAL rare earth element
(REE) concentration patterns normalised to shale reveal a ‘V-shaped’ feature caused
by the depletion of elements from Nd to Tb (mid-REEs) as compared to the variable
enrichments of heavy lanthanides, Y, La and Ce. This pattern is consistent with
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solutions that experience phosphate mineral crystallisation in laboratory conditions
and suggests that phosphate precipitation occurs in vivo in the lungs through
interactions between volcanic particles and lung fluids. The BAL trace element
patterns allow us to reconstruct the source of inhaled materials and depict the fluid-
mineral processes that occur between lung fluids and inhaled particles.

1.1 Introduction

The interaction between aquifer rocks and geological fluids (i.e., groundwaters)
shapes the geochemical composition of the Earth’s hydrosphere (Chapelle 2003),
whereas fallout of atmospheric particulates strongly influences the chemistry of
shallow seawater layers, specifically in coastal areas and epicontinental basins.
Understanding the nature of these solid-liquid (i.e., water-rock) processes is a
primary interest in the field of Geochemistry (Albarede 1995). The nature of
solid-liquid interactions is investigated in the field and laboratory by geochemical
analyses of the dissolved (aqueous) phases, residual ‘weathered’ solids or on
newly formed mineral species (Tamburo et al. 2011 and references therein). These
processes are also studied in the laboratory by simulating natural conditions in
order to depict simplified features of the natural environment (Bowser and Jones
2002). Additionally, geochemical modelling of detailed analytical geochemical
data of dissolved media and kinetic and thermodynamic parameters evaluates the
physico-chemical processes that occur at the solid-liquid interface (see Merkel and
Planer-Friedrich 2008 for a comprehensive review).

Explosive volcanic eruptions eject large volumes of high surface area, metal-rich
dust and ash into the atmosphere, often subjecting nearby residents to potentially
hazardous volcanic materials (including heavy metals). Despite the prevalence of
this avenue of exposure to volcanic materials (e.g., Cuoco et al. 2012) and an
extensive body of geochemical investigations on water-rock interaction processes
described above, there is a limited amount of qualitative or quantitative data that
evaluates how solid-liquid interactions occur in vivo. This paucity of data on the
mineral-biofluid interactions that occur after the inhalation of atmospheric dust
precludes an accurate risk assessment. A limited number of studies explore the
chemical dissolution of atmospheric dust in presence of human bronchial fluids
(e.g., Takaya et al. 2006; Forde et al. 2008; Dias Da Cunha et al. 2009), while
the majority of prior work focuses on prominent examples including precursors of
silicosis, asbestosis and cancers (e.g., Schuhmann et al. 2011; Leung et al. 2012 and
references therein). An understanding of the basic mechanisms of mineral-biofluid
interactions that occur in lung fluids is required to evaluate the potential health
impacts related to the acute exposure and inhalation of atmospheric particulates
and the physical mechanism by which they induce health maladies. To address
these concerns, we evaluate these interactions by investigating the trace element
composition of bronchoalveolar lavage samples (BAL) collected from people
exposed to the paroxysmal 2001 Etna eruption.
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The analysis of trace element geochemistry is routinely used in the geological
sciences to investigate many processes including solid-liquid interactions. Similarly,
trace element geochemistry is increasingly used to investigate the source of
materials that form biominerals and the processes associated with biomineralisation
(e.g., Censi et al. 2011a, b; Darrah 2009; Darrah et al. 2009; Hoogewerff 2008).
Therefore, we suggest that the analysis of trace element geochemistry may allow
us to evaluate the relationship between atmospheric particulate composition and the
chemistry of pulmonary fluids (Censi et al. 2011a, b).

Because volcanic ash and dust have extremely high surface areas, they often
adsorb high concentrations of metallic ions, including heavy metals, on their
surfaces. If inhaled, these metals can release trace metals into biological fluids
constituting significant sources of toxic metals in vivo (Hirano and Suzuki 1996;
Yoon et al. 2005). The dose of toxic metals depends on (a) the flux of volcanic
material that is inhaled and (b) the ‘leachability’ (or extractability) of metals that
were adsorbed onto the surfaces of inhaled solids. Thus, bioavailability and potential
toxicity depend on the geochemical composition and mineralogical nature of inhaled
materials (Newman 2001; Sipes and Badger 2001; Hedberg et al. 2010) and the
ambient geochemical conditions of biofluids (e.g., pH, Eh, temperature). At present,
information about the potential impacts of volcanic particulate exposure on the
pulmonary system is limited to select minor and trace elements and mineral phases
(e.g., crystallisation of phosphate biominerals in lung tissues) (Hirano and Suzuki
1996; Pracyk et al. 1996; Yoon et al. 2005).

We attempt to investigate solid-fluid interactions that occur following inhalation
of volcanic debris by evaluating the chemistry of volcanic particulates and BAL
following a major pyroclastic eruption of volcanic ash (likely the most complex
scenario for the potential mixtures of inhalable and respirable suspended particles)
at Mount Etna (the largest European volcano) in July to August 2001. In order to
accurately assess these factors, a suitable geochemical study that can distinguish
between numerous sources of atmospheric particles must be developed. This factor
is specifically difficult in urban areas (such as the present study), because the
composition of respirable atmospheric particulates consists of a complex mixture of
several source materials (including anthropogenic contributions). The complexity
of this mixture drastically increases with increasing industrialisation and population
density. Therefore, in populated industrial areas, the addition of anthropogenic
components can obscure the contributions from natural materials even during times
of major geological activity (i.e., volcanic eruption) (Kulkarni et al. 2007; Moreno
et al. 2008; Cuoco et al. 2012) requiring the application of advanced geochemical
approaches.

Herein, we investigate how the respiration of particles from atmospheric fall-
out affects the composition of sensu lato pulmonary fluids using trace element
geochemistry of bronchoalveolar lavages (BAL). Patients included residents of
Catania who were treated at the University of Catania Hospital following acute
exposure to the 2001 Mt. Etna eruptive materials in addition to prolonged subacute
exposure to materials from local Catania anthropogenic activities. Previous work
suggests that atmospheric particulates dissolve in simulated lung fluids (Luoto
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et al. 1998; Forde et al. 2008; Dias Da Cunha et al. 2009). Similarly, our previous
work evaluates the kinetics of trace element release and suggests that release from
freshly erupted volcanic ashes begins within a few hours after deposition within
a saline medium (Censi et al. 2007, 2010; Randazzo et al. 2012). Therefore, BAL
solutions are potentially a representative model for trace element leaching of inhaled
particles within bronchial pathways that can be interrogated using trace element
geochemical approaches. We model the solid-liquid interactions that occur in the
pulmonary system in an analogous fashion to simple water-rock interactions in
groundwater hydrogeology. The current work focuses on the dissolved concentra-
tion of lanthanide (i.e., often termed rare earth elements) series elements and yttrium
(hereafter named REE). Using these elements, we develop a systematic approach
towards evaluating enrichment factors of REE in BAL to assess the processes
of biomineralisation in the bronchial pathways. Evaluating this data allows us to
determine (a) the fate of inhaled solids, (b) the processes leading to trace element
leaching in the lungs, (c) the origin (i.e., anthropogenic vs. volcanic) of materials
that interact in the lungs, and (d) the biomineralisation of phosphate minerals in
the lungs.

1.2 Composition of Volcanic Materials

In addition to the naturally occurring atmospheric particles and anthropogenic
contributions, the eruption of Mt. Etna led to the deposition of about 0.39 kg m�2

of ash between 21 and 24 July 2001 that continued until August (Scollo et al.
2007). The volcanic ash consists of a mixture of glass, aphanitic minerals and rock
fragments. An extensive evaluation of the ash composition is available in Censi et al.
(2010) and Randazzo et al. (2012).

In general, both optical and microscopic observations indicate that the majority of
ejected material (�70% by volume) consists of aphanitic volcanic glass. Optical and
electron microscopy indicate that the remaining 30% include phenocrysts of olivine,
clinopyroxene, spinel and plagioclase with a porphyritic texture. Additionally, we
confirm the minor occurrence of green augite, Mg-rich olivine and Ti-rich magnetite
phenocrysts. Glass fragments often show corroded surface textures (Fig. 1.1), which
result from their interaction with volcanic fluids inside the plume during eruption.
Scanning electron microscopy (SEM) observations reveal the presence of coated
dust materials on grain surfaces with encrusting and deliquescent features, which
confirm the occurrence of ash-leachate fraction consisting of sublimates of acids,
metal salts and adsorbed fluids formed as a consequence of interactions between
ash grains and volcanic fluids (Oskarsson 1980). Therefore, after inhalation of
atmospheric particles, trace elements can be released from a soluble ash fraction
(SAF), independent from breakdown of the solid (glassy and crystalline) fraction.
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Fig. 1.1 SEM image
illustrating the features of
glass grains from erupted
volcanic ash ‘corroded’ by
reaction with plume fluids

1.3 Methodology

Bronchoalveolar lavage (BAL) samples were collected from six patients who
underwent treatment in the Internal and Specialist Medicine Department of the
University of Catania following the 2001 the pyroclastic eruption of Mount Etna
between 19 July and 6 August 2001. All samples were collected immediately after
admission following informed written consent. BAL collections were conducted
according to standard procedures detailed previously in Censi et al. (2011a). All
selected patients were residents of the city of Catania (Sicily).

BAL samples were obtained by instilling four 30 ml lavages of sterile solution
consisting of 0.9% w/v NaCl, using a fibrobronchoscope (Bargagli et al. 2005). Each
aliquot was immediately and gently aspirated. From each 20 ml lavage sample, only
10 ml was required for chemical investigations. After filtration through a 0.22 �m
Nalgene™ membrane, each BAL sample was treated with 15 ml H2O2, 5 ml 30%
nitric acid (HNO3) solution, 30% hydrochloric (HCl) acid solution and 100 mg of
solid NH4F in a sealed, acid-washed reaction vessel. This was heated in a microwave
oven (MARS 5™, CEM Corporation, UK) at 3 � 105 Pa and 200 ıC for 30 min.
Excess acid was removed to incipient dryness using a CEM MicroVap™ apparatus,
and residual solution was rinsed with a 5% v/v of nitric acid solution to attain final
solution volumes of 20 ml. Sample solutions were finally transferred to previously
cleaned polycarbonate vials. The samples were treated under a clean laminar airflow
to minimise potential contamination risks.

Trace element analyses were carried out using a sector field SF-ICP-MS Thermo
Fisher Element 2 by external calibration approaches according to Censi et al.
(2011a). The calibration for each element was based on seven standard solutions
at known concentrations prepared by diluting 1 g/l of a single-element solution
(Merck ICP standard), similar to the procedures used previously (Rodushkin and
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Odman 2001; Darrah et al. 2009). Accuracy and precision for each investigated
element was evaluated by analysing both standard reference materials (CASS-4
and NASS-5 from National Research Council of Canada; Ottawa, Ontario, Canada)
and procedural blanks obtained from sterile BAL solution under analogous sample
preparation conditions. The latter approach produces critical values (LC) and
detection limits (LD) for used methods. More detailed information about analytical
methods used to determine investigated elements and validations of carried out
analyses are reported in Censi et al. (2011a, b).

1.4 Results

The magnitude of Etna’s eruption during July–August 2001 was sufficient to
expose all inhabitants of south-eastern Sicily to volcanic particles. Thus, although
a comparative study of BAL composition between exposed people and control
subjects outside of the area would be preferable, it was not possible. Therefore,
the results of minor and trace element compositions in the BAL samples of people
exposed to volcanic particle inhalation were compared with the few minor and trace
element analyses carried out for BAL lavage samples in other studies (Baxter et al.
1999).

The amounts of minor and trace elements measured in this study range between
0.2 �g/L for uranium (U) and 229.36 mg/L for aluminium (Al). The latter (Al),
together with iron (Fe), is the most abundant of the elements analysed in BAL
solutions. REE cumulative concentrations span a range from 56.9 to 165.4 �g l�1

(ppb). The relative abundances of the different REE were similar, with Y and light
REE (LREE), La, Ce and Pr as the most abundant elements.

1.4.1 Thermodynamic Modelling

Low-temperature mineral reactions in equilibrium with aqueous media in sub-
surface environments can be investigated with geochemical modelling based on a
knowledge of the compositions of interacting fluids and the thermodynamic condi-
tions of the system. This approach was applied to a hypothetical fluid interacting
with particles of volcanic ash under physiological conditions (pH D 7.4; T D 37ıC).
Starting composition of this simulated bronchial fluid (SBF) was consistent with
Wood et al. (2006). When SBF interacted with freshly erupted volcanic particles in
the lungs, it immediately dissolved the soluble ash fraction before interactions with
glass and mineral ash fractions could occur. Therefore, SBF began to react with
volcanic glass and minerals after dissolution of the soluble ash component. This
process was simulated with the aid of the EQ3/6, version 7.2b, software package
(Wolery 1979, 1992; Wolery and Daveler 1992) using the LLNL thermodynamic
database from the Lawrence Livermore National Laboratory. The EQ3/6 algorithm
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models the chemical evolution of geochemical systems using thermodynamic and
kinetic constraints. In order to accurately model the release of major, minor and
trace elements in a lung system consistent with water-rock interactions, the double
solid reactant method (DSRM) was adopted according to Accornero and Marini
(2008). In DSRM, each dissolving solid phase is considered as a double solid
reactant, consisting of a pure mineral or a solid mixture (the solid reactant) and
another reactant, defined as the special reactant according to EQ6 nomenclature.
Thermodynamic and kinetic properties of the solid reactant are enclosed in the
geochemical database and determine analogous properties (i.e., equilibrium con-
stant of the hydrolysis reaction), whereas the same features are unknown for the
special reactant. The saturation state of the aqueous solution with respect to the
solid reactant is calculated during the progressive dissolution of rocks until solution
saturation is attained. The speciation model for the investigated system can be
carried out using a kinetic approach based on the transitional state theory (Eyring
1935a, b) using the EQ3NR computer code, taking into account the dissolution of
basaltic glass particles in contact with lung fluids according to the reaction

SiAl0:36O2.OH/1:08 C 0:36H2O , SiO2 C 0:36Al.OH/�
4 C 0:36HC (1.1)

Thermodynamic properties were estimated from the stoichiometrically weighted
sum of hydrolysis reactions for amorphous silica and gibbsite. They were recom-
puted using the temperature-pressure grid required by software package EQ3/6 and
included in the thermodynamic database. The kinetic parameters used during model
calculations are related to the Gislason and Oelkers (2003) estimations. Geometrical
surface area was calculated assuming a spherical grain shape (with radius equal to
0.3 �m) with intra-grain porosity equal to 0.3. Trace element concentrations were
used to define a special reactant associated with hydrated basaltic glass in DSRM.
Model calculations were performed under open-system conditions (assuming the
system is in contact with a large external gas reservoir) at 37 ıC. The reaction path
modelling leads to the crystallisation of several secondary minerals in agreement
with physico-chemical conditions that occur during the alteration of a basaltic glass
mixture assuming an instantaneous equilibrium between these minerals and lung
fluids (Censi et al. 2011a). These results imply that REE co-precipitation with
phosphates could be reached starting from an initial composition of lung fluids
similar to the Gamble’s solution, with 126 mg l�1 of dissolved phosphate (Midander
et al. 2007). This possibility agrees with results reported by Wood et al. (2006) that
recognise phosphates as newly formed solids in simulated lung fluids.

1.4.2 REE Behaviour as Geochemical Tool

The shale-normalised REE patterns found in BALs differ from those observed in
the solid components of volcanic ejecta (Fig. 1.2). As a result, it is unlikely that
the wide range of cumulative REE contents is caused by the presence of residual
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Fig. 1.2 Shale-normalised REE concentrations observed in BAL fluids (black symbols) compared
with concentrations measured by Aiuppa et al. (2003) in soluble ash fractions ejected from Etna
between 19 July and 6 August 2001 (blue symbols)

undissolved inhaled volcanic particles (<6.4 �m) that were mechanically removed
from bronchial tissues during BAL lavages. Instead, REE patterns in BAL are
characterised by LREE enrichment and intermediate REE (MREE) depletion that
evolves towards a progressive increase of normalised REE concentrations along the
series (i.e., V-shaped pattern). These features are very similar to those recognised in
solutions that experience REE-phosphate co-precipitation (Byrne et al. 1996) and
are related to the elemental fractionations that occur when phosphates precipitate
from REE-bearing solutions. These results are consistent with experimental inves-
tigations that show that the removal of dissolved REE concentrations from aqueous
media is controlled by co-precipitation of these elements with phosphates (Byrne
and Kim 1993). REE fractionation in the dissolved (aqueous) phase with respect to
the crystallising solid (biomineral) is represented by the expression

log

�
ŒREEi �

ŒREEi �0

�
D �ij log

�
ŒREEj �

ŒREEj �
0

�
(1.2)

where [REEi] and [REEj] are dissolved concentrations during co-precipitation,
whereas [REEi]0 and [REEj]0 are the initial concentrations of the same elements.
This relationship denotes that if �ij ¤ 1 elements fractionate during precipitation.

By calculating the initial concentrations of lung fluids before any interactions
with inhaled particles, the values of log([REEi]/[REEi]0) ratios can be calculated
from BAL analyses and reported for elements of interest (Fig. 1.3). The trace
element patterns closely resemble the observed fractionations reported by Byrne
et al. (1996) during phosphates co-precipitation from laboratory solutions at 25 ıC
and pH � 4 between 24 and 49 hours (h). Patterns relative to BAL solutions are
similar to the 49 h phosphate co-precipitation pattern, as compared to only 24 h.
Figure 1.3 displays the discrepancies between the REE patterns of the 24 h time
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Fig. 1.3 REE fractionation induced by crystallisation of REE phosphates in lung fluids (black
symbols). These values have been calculated starting from the initial modelled concentrations,
represented by SBF and the BAL solutions. The observed REE patterns are compared with those
measured by Byrne et al. (1996) during co-precipitations of REE phosphates under controlled
laboratory conditions after 24 h and 49 h

period and the observed BAL solution values (i.e., log([REEi]0 and [REEi]0)).
Notice that Y, La and Ce concentrations are larger than those expected based
on experimental fractionation patterns reported by Byrne et al. (1996). This data
suggests the concurrent presence of an additional particulate source for these
elements, potentially of anthropogenic origin, may lead to REE co-precipitation
with phosphates. In order to evaluate these suggestions, the distribution of other
trace elements in BAL has to be evaluated with respect to possible source materials
of inhaled particulates.

1.4.3 Identifying Atmospheric Particulate Sources

The ability to uniquely identify the source of atmospheric particulates requires
calculation of the enrichments or depletions of diagnostic elements for each
potential inhaled particle source. Elemental enrichment factors in the BAL fluids
were calculated with respect to Al concentration using the following equation
(Puckett and Finegan 1980):

EFTri
REF D

ŒTri �BAL

ŒAl�BAL

ŒTri �REF

ŒAl�REF

(1.3)
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where [Tri] is the concentration of a given trace element in the BAL solution
or in a hypothetical source material used as the reference (McLennan 2001). In
general, EF values smaller than 5 indicate that the element under consideration is
not significantly enriched in the BAL fluid sample with respect to the hypothesised
source, whereas EFs larger than 5 imply an enrichment of the element under
investigation in the materials being studied with respect to the chosen source (Gao
et al. 2002).

In the current case study, the possible sources of inhaled particles may include
both soluble fraction of volcanic ash and parent magmatic products (Aiuppa et al.
2003). Additional sources may include automotive traffic or industrial particulates
(Dongarrà et al. 2003). In our study area, geochemical characteristics of automotive
traffic are difficult to investigate due to the concurrent occurrence of other suspended
particulates. Moreover, Dongarrà et al. (2003) studied atmospheric pollution in
Messina, a town characterised by a dense automotive traffic, located at about 60 km
away from Catania with similar climatic conditions. As a result, we assumed that
those results were representative of trace element compositions of particulate from
automotive traffic in Catania.

The amplitude of enrichment factor (EF) values calculated with respect to the
potential sources of inhaled atmospheric particulates (soluble ash fraction (SAF),
parent magma (PM) and road dust (RD)) (Fig. 1.4) shows that Cr, Fe, As, Pb and
U are leached from soluble fraction of ejected volcanic ash (SAF) when in contact
with lung fluids. This observation is in agreement with EF values for these elements
that are close to 1 or a bit lower as calculated with respect to this source, whereas
the EF for Ni falls across a wide range between 1 and 10 (Fig. 1.4). These results
suggest a contribution of Ni from a variety of sources with respect to SAF. We
suggest that Cr, Fe, As, Pb and U could be released by dissolution of the soluble
fraction of volcanic materials, while it is hard to imagine that soluble salt coatings
persist in an undissolved form during interactions with lavage fluids. Therefore,
leaching of V, Mn, Co, Ni, Cu and Cd from the parent magma (PM) or another
source is likely. To test this hypothesis, we compare EFPM values for the latter
elements in Fig. 1.4. These EFPM values are less than 1 for V, Mn and Co and close
to 1 or slightly lower for Ni and Cu, while Cd shows ambiguous behaviour. When
BAL fluids were compared to road dust (RD), EF values for V, Mn and Co were
less than 1 and EF

Cd

RD
close to 1 or slightly larger, in agreement with its origin from

the automotive traffic source (Fig. 1.4). Together, this data suggests that both Ni and
Cu were released during interactions between parent magma (PM) rock material
and lung fluids, whereas V, Mn and Co are sourced from partially dissolved glass
ash particles. Nonetheless, V, Mn and Co may have some anthropogenic sources.

Therefore, in order to differentiate anthropogenic vs. volcanic sources for Co,
Mn, Ni, Cu and Cd, we compare the EFPM and EFRD values of labile trace element
fractions in simulated atmospheric dust particle interactions with biological fluids.
As reported in Fig. 1.5, EFPM values for Co, Mn, Ni, Cu and Cd indicate an
exponential range in the values of their bioavailability in PM10 atmospheric particles
(Falta et al. 2008). By comparison, EFRD values fall along a distinctly different
exponential array calculated based on the bioavailability of these elements (apart
from Cu) in PM2.5 atmospheric dust fraction.
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Fig. 1.4 Enrichment factors (EF) calculated for various elements with respect to different
potential source materials. (a) Soluble fraction of erupted ash (SAF); (b) Etna’s parent magma
(PM) of the 2001 eruption; (c) road dust (RD). Pale blue ellipses highlight elements whose BAL
composition is consistent with the investigated source composition. Pale green areas represent not
significant EF values according to Gao et al. (2002). Black dots are medians and black segments
link maximum to minimum EF values for each measured element. Data on Etna’s parent magma
and the soluble ash fraction (SAF) are reported in Aiuppa et al. (2003)

The exponential bioavailability trend of these elements agrees with the kinetic
parameters calculated by Falta et al. (2008) and suggests that atmospheric dust
produced from glass and rock fragments is enriched in the PM10 fraction, whereas
atmospheric dust from anthropogenic sources related to automotive traffic is
predominantly in the PM2.5 particulate fraction. Conversely, the poor fit for Cu on
these curves with respect to the other elements (i.e., Co, Ni, Mn and Cd) suggests a
lithogenic source for this metal.

1.5 Discussion

The similarity between elemental enrichment factors for REE calculated with
respect to SAF and PM, specifically for elements ranging between Nd and Tm,
confirms that the distribution of these elements is controlled by similar processes.
This similarity obfuscates the origin of trace element sources for these elements
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Fig. 1.5 Relationship
between the EF values
calculated with respect to the
Etna’s parent magma (PM)
(black dots) and road dust
reference composition (RD)
(circles) for elements with
EFs < 1 in Fig. 1.4. Mn, Co,
Ni, Cu and Cd EF(PM) values
reported in Fig. 1.4 were used
to calculate curve (1),
whereas Mn, Co, Ni and Cd
EF(RD) values reported in
Fig. 1.4 were used to
calculate curve (2). Values of
bioaccessible trace element
fractions were reported in
Falta et al. (2008). EF(RD)

value for Cu, falling far from
curve (2), suggests a
non-anthropogenic Cu origin

(Fig. 1.6). Conversely, this similarity disappears for light REE (i.e., La, Y and
Ce), which show higher EFPM than EFSAF. These differences suggest that the
BAL fluid composition cannot simply be explained in terms of leaching from a
singular inhaled product followed by fractionation in lung fluids during phosphate
co-precipitation. As a result, the presence of another particulate source is required.
The EFRD assessment for those REE analysed in Dongarrà et al. (2003) confirms
that atmospheric dust from automotive traffic is a suitable source for Ce, whereas
La always shows EFRD > 10, implying a different origin from highly enriched La
sources (Fig. 1.6).

La-enriched anthropogenic sources are usually associated with materials coming
from the petroleum industry where La-rich carbonates and zeolites are routinely
employed as catalytic converters in hydrocarbon refinery practices. Therefore, La
enrichments can be considered typical environmental signatures for the delivery
of atmospheric particulates during hydrocarbon combustion in power stations
(Kulkarni et al. 2007; Moreno et al. 2008). Similarly, the analyses of BAL fluid
have La-Ce-Sm concentrations (i.e., La � 2-Ce-Sm � 10) consistent with particulate
matter collected from refinery and oil power station emissions (Fig. 1.7) (Moreno
et al. 2008). These results suggest that particulates emitted from oil refineries in the
Augusta-Priolo area impact the air particulate and lung fluid chemistry of Catania.
In fact, the compositions of BAL fluids in the La-Ce-V triangular diagram (Fig. 1.7)
(i.e., La � 3.1-Ce � 1.54-V) cluster along a linear array between geological crustal
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Fig. 1.6 (a) The relationship between EF(SAF) and EF(RD) values for REE. Only EFs for Yb,
Ce, Y and La fall far from the line determined by relationship EF(SAF) D EF(RD), indicating an
anthropogenic origin of these elements from leaching of road dust particles. (b) EF(RD) values
calculated for REE

materials and emissions from the oil refinery industry (as reported in Moreno et al.
2008). These observations confirm the important role of atmospheric particulates
from oil refineries in determining the chemistry of lung fluids for people living in
the Catania area.

The combination of REE and trace element distributions and model calculations
based on the double solid reactant method leads to a viable explanation for the
source of phosphate microcrysts in human lungs. During phosphate microcryst
biomineralisation, variable MREE subtraction occurs in lung fluids. These ob-
servations strongly agree with alteration of the parent solution chemistry by the
induction of phosphate co-precipitation in the lungs. These results are consistent
with laboratory experiments and variable exposure to distinct sources of REE-rich
dust (e.g., volcanic and anthropogenic). These features are characteristic of systems
where low-grade dissolved REE complexation actively occurs, in comparison to
variable REE dissolution induced by scavenging of pre-existing surfaces (Byrne
and Kim 1990; Byrne et al. 1996). Therefore, based on the observed V-shaped REE
fractionation pattern, the pre-existence of phosphate mineral solids in bronchial
spaces appears unlikely. Instead, the observed REE fractionation indicates that
primary crystallisation of REE-rich phosphates occurred in human lungs following
the inhalation of REE-bearing particulates.
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a

b

Fig. 1.7 Compositions of BAL (black dots) and SAF samples (circles) reported from Aiuppa et al.
(2003) compared with typical crustal and anthropogenic products in terms of La-Sm-Ce (a) and
La-Ce-V signatures (b). Compositions of the road dust (Dongarrà et al. 2003), the parent magma
of Etna’s 2001 eruption (Aiuppa et al. 2003), crustal materials (Taylor and McLennan 1995) and
oil refinery products (Moreno et al. 2008) are given for reference

1.6 Conclusions

The trace element distribution of pulmonary fluids collected from people subjected
to the inhalation of atmospheric dust particles represents a powerful tool for
environmental and medical investigations. Trace element data provides information
about source and geochemical nature of these inhaled materials and the processes of
solid-biofluid interaction in the lungs. The REE pattern in BAL fluids can be used
as a proxy to investigate the processes of pulmonary ossification. In this study, the



1 Using the Trace Element Contents in Bronchoalveolar Lavages to Probe. . . 15

diagnostic V-shaped REE pattern indicates that active phosphate biomineralisation
is occurring in vivo. These results suggest that the REE distribution in the dissolved
phase can be a powerful environmental proxy for biomineralisation and metabolic
reactions of solid-biofluid interaction.

The current geochemical approach is capable of distinguishing the source of
trace elements in highly complex systems such as volcanic eruptions near highly
industrialised urban areas. This approach is suitable for determining the origin
of trace elements from prolonged subacute exposures to anthropogenic source
materials and acute exposure to lithogenic solids that originated from short-term,
major geological events (i.e., volcanic eruption). The occurrence of trace elements
arising from both lithogenic and anthropogenic sources is an important component
of trace metal burden in the human lungs. Our data indicates that Cr, Fe, As,
Pb and U had a lithogenic origin that results from the dissolution of the soluble
fraction of erupted ash. Ni and Cu were released from volcanic glass particles;
however, Cd was probably leached from a road dust component of inhaled solids.
The partial dissolution of both volcanic glass and road dust particles is responsible
for the observed V, Mn and Co concentrations in BAL fluids in agreement with
EF values for these elements and their bioavailability in presence of simulated
biological fluids. Yttrium and other LREE enrichments provide diagnostic markers
to differentiate exposure to anthropogenic activities (i.e., automobile exhaust, oil
refinery and power production emission). Significant lanthanum (La) enrichments
indicate anthropogenic (oil refinery) contributions to the budget of the atmospheric
dust that interacts with biological fluids.

The concentrations of the trace elements analysed in bronchial fluids are sensitive
to the partial and/or total dissolution of inhaled atmospheric particles. These obser-
vations demonstrate the power of using this geochemical approach for evaluating
solid-liquid phase interactions, specifically in nonconventional environments such
as the human body. Future analysis of the trace element content of biological fluids
may allow us to recognise the origin and nature of inhaled solids if combined with
geochemical modelling of trace element data.
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Chapter 2
Geochemistry and Biochemistry: Insights
into the Fate and Transport of Pt-Based
Chemotherapy Drugs

Robyn E. Hannigan and Thomas H. Darrah

Abstract Though some heavy metals, such as Pt, are considered toxic to humans,
their toxic effects can be positively leveraged to treat diseases such as cancer. The
use of Pt-based chemotherapies is, unfortunately, linked to severe side effects some
occurring many years after treatment (late effects). Through the lens of geochem-
istry, it is possible to assess these late effects and associated biochemical interactions
with other metals. This approach also presents a potential intervention/detection
strategy for early detection and possible prevention of late effects.

Keywords Trace elements • Serum chemistry • Chemotherapy • Metal
interactions • Platinum

2.1 Introduction

Metabolism of platinum (Pt)-based anticancer drugs (Fig. 2.1) begins as soon as it
enters the bloodstream. Though doses, on average, range from 150 to 400 mg m�2,
only about 1% of the cisplatin that enters the cell actually binds to DNA (Reedijk
1999; Centerwall et al. 2006). In order to bind to the DNA, cisplatin (the most
commonly used) undergoes hydration (aquation), wherein the chlorides on the
molecule are replaced by water. The aquation half-life is approximately 2.4 h (Knox
et al. 1986). Other Pt-based anticancer drugs undergo a similar process though
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Fig. 2.1 Chemical structures of platinum anticancer drugs. Of these drugs, only cisplatin,
carboplatin, and oxaliplatin are approved for use in the United States. Satraplatin has completed
phase III trials but is not approved for use in the United States as of 2012. cDPCP inhibits
transcription in vitro and is used for treatment of colorectal cancers

the aquation is slower, e.g., 268 h for carboplatin (Knox et al. 1986). The rate
of aquation and preferential targeting of cancer cells is primarily due to the pH
difference between cancerous and healthy cells (Centerwall et al. 2006). Ultimately,
the aquated species will target the guanine residue of DNA. Platination of the
DNA bends the double helix by 35–40ı leading to antiproliferative effects including
interruption of transcription and apoptosis (Todd and Lippard 2009).

The goal of this work was to evaluate, through a thorough literature review and
analysis of serum (plasma after removal of clotting proteins) Pt and other metals
in post-treatment patients, to explore the biochemical “behavior” of Pt. Ultimately,
this work leverages geochemical approaches to understand Pt fate and transport,
providing unique insights into the potential causes of late effects.

2.2 Methods

We performed a thorough literature review of Pt biochemistry and also leveraged
our ongoing research on Pt anticancer agents and long-term Pt circulation in treated
patients. Statistical analyses were performed using SPSS 20.0.

Elemental compositions of serum from treated patients (Sprauten et al. 2012)
were measured by inductively coupled plasma mass spectrometry (ICP-MS).
In brief, whole blood samples (300 �L) were centrifuged to remove cellular
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components, acidified to pH < 2 with ultrapure HCl, diluted to 100 �L, and
analyzed by solution-based ICP-MS using NIST 909b (human serum) and NIST
927c (bovine serum albumin) for calibration according to published methods
(Darrah et al. 2009; McLaughlin et al. 2011).

2.3 Results and Discussion

2.3.1 Pt-Based Anticancer Drugs: Mode(s) of Action

The mode of action of cisplatin and other Pt-based anticancer drugs is well
known as are the associated toxicologic impacts and long-term health impacts
(late effects). These effects are strongly correlated with peak Pt concentrations in
plasma (Polycarpe et al. 2004; Lanvers-Kaminsky et al. 2006). Recall that only
1% of cisplatin binds to DNA. The remaining cisplatin, carboplatin, oxaliplatin,
and, presumably, satraplatin (Galanski and Keppler 2007; Reedijk 2009) can bind
to a number of extra- and intercellular proteins (Mandal et al. 2003; Gabano et al.
2007). Whether as a free complex or partially aquated, the Pt acts as a soft Lewis
acid with a high affinity for sulfhydryl (SH) groups on plasma proteins and enzymes.
Cisplatin and carboplatin will react directly with sulfur-containing ligands such as
methionine and cysteine (Barnham et al. 1996; Heudi et al. 1998; El-Khateeb et al.
1999). Recent research centered on the interaction between Pt and plasma proteins
reveals a potential link between transferrin (an iron-transporting glycoprotein) and
Pt (Gabano et al. 2007). Cisplatin binds to thiol-containing (sulfur, cysteine ligand)
molecules such as glutathione (GSH) and metallothionein (MET). Cisplatin can
displace zinc (Zn) and cadmium (Cd), and several Pt atoms can bind with a single
metallothionein (Pattanaik et al. 1992; Zhang and Tang 1994; Hagrman et al. 2003;
Mandal et al. 2003). Displacement of Zn and Cd as well as other metal-Pt interac-
tions may lead to secondary toxic effects. In the case of Cd, though poorly muta-
genic, it may act as an epigenetic or indirect genotoxic carcinogen (DHHS 2000).

Whether increases in plasma trace metal concentrations can be linked to Pt-based
treatment and displacement of metals from plasma proteins is unknown. These
potential interactions merit significant attention given the late effects associated with
Pt-based treatments. Zinc plays a significant role in cell proliferation (Sun et al.
2007; Li and Maret 2009), and fluctuations in intercellular Zn concentrations are
thought to be the regulatory mechanism for controlling the cell cycle. Imbalance
in intercellular Zn may result in disruption of cell proliferation. Zn is a known
environmental toxicant which, when occurring at high concentrations, has been
found to impede mitochondrial function (Joseph et al. 2008). Zinc is also higher
in the plasma of cancer patients (Pasha et al. 2008). Whether the displacement
of Zn on metallothionein by Pt is directly related to late effects in Pt-based
anticancer treatments remains unknown. Recent studies are clear, however, that the
Pt from anticancer drugs that is bound to proteins may be causatively linked to
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nephrotoxicity and ototoxicity (Aull et al. 1979; El-Khateeb et al. 1999; Rademaker-
Lakhai et al. 2006).

Platinum toxicity resembles that of a number of other metals including mercury
(Hg) (Gonzalez and Villasanta 1982), Cd (Huang et al. 2008), and, potentially,
chromium (Cr) as it too forms DNA adducts (Shi et al. 2004; Zhitkovich 2004).
Based on the relations between trace elements, including Pt, and plasma proteins,
it is expected that significant changes in blood chemistry will occur as a result
of Pt-based drug exposure. The feedback loops associated with Pt displacement
of Zn as well as changes in cellular fluid pH during aquation of the compounds
and subsequent changes in concentrations of other potentially toxic metals could
all be potentially linked to toxic effects. The direct role of Pt itself and metal-Pt
interactions needs to be established.

2.3.2 Pt in Biological Fluids and Tissues of Treated Patients

Pt concentrations in the plasma of patients treated with cisplatin and other Pt-based
compounds are markedly different from those of unexposed patients (Tothill et al.
1992; Gietema et al. 2000; Brouwers et al. 2008a, b) as are concentrations of other
potentially toxic trace metals (Vernie et al. 1988; Pasha et al. 2008). Pt concen-
trations in plasma and in tissues are dose dependent (Stewart et al. 1985; Tothill
et al. 1992; Uozumi et al. 1993; Mandal et al. 2003; Rademaker-Lakhai et al. 2006;
Brouwers et al. 2008a, b). Pretreatment hydration, patient fitness prior to treatment,
and rest periods between treatments appear to ameliorate side effects including
hypomagnesemia and hypocalcemia (Gonzalez and Villasanta 1982), nephrotoxicity
(Hartmann et al. 1999; Hartmann 2002), and ototoxicity (Rademaker-Lakhai et al.
2006). Significant individual variation in therapeutic response has been seen despite
commonalities in cancer histology and stage (Bokemeyer 1998; Fossa et al. 1999;
Carrato et al. 2002; Hussain et al. 2008). Individual variations in side effects and
urine/blood/tissue Pt concentrations have also been seen (Heydorn et al. 1998;
Areberg et al. 1999; Hartmann et al. 1999; Gerl and Schierl 2000; Lykissa and
Maharaj 2006; Brouwers et al. 2008a, b). Much of the variation in Pt concentrations
in plasma can be related to dose as well as individual disease phenomena and
individual metabolism. One thing is clear; however, despite individual variations,
there are significant commonalities in late effects (Safirstein et al. 1987; Berger et al.
1996; Jakob et al. 1998; Hartmann et al. 1999; Kollmannsberger et al. 1999; Kintzel
2001; Maduro et al. 2003; Lanvers-Kaminsky et al. 2006; Rademaker-Lakhai et al.
2006). Post-treatment serum Pt concentrations suggest that Pt remains in the body
long past treatment and can be linked, through protein interactions, to many of the
late effects. Only 1% of the cisplatin is aquated and forms DNA adducts, and this
process occurs within 2.4 h (longer for other Pt-based drugs).

The half-life of Pt in the body is between 4 and 6 years (Gietema et al.
2000; Rademaker-Lakhai et al. 2006; Brouwers et al. 2008a, b), and plasma Pt
concentrations remain high long after treatment (>30 times control) (Tothill et al.
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1992; Brouwers et al. 2008a, b; Sprauten et al. 2012). We also know that hematocrit
declines during treatment (Getaz et al. 1980; Levi et al. 1981; Najarian et al.
1981) and that Fe concentrations in plasma in cancer patients are above that of
healthy patients (Pasha et al. 2008). Both of these phenomena suggest that the heme
molecule is impaired by Pt and further indicates that Pt, like other toxic metals
(arsenic (As), Cd, Hg), interrupts the porphyrin metabolic pathway (Woods et al.
1991; Garcia-Vargas et al. 1994). Whether blood porphyrin levels or urine porphyrin
profiles can be used as an early diagnostic of Pt-induced late effects remains to be
seen. Regardless, there can be little doubt that the persistence of Pt in the body post-
treatment and its interactions with plasma proteins is directly linked to late effects.
The precise interactions that lead to the development of late effects remain to be
discovered.

2.3.3 Pt Biochemistry and Metal-Metal Interactions

Platinum metal toxicity resembles that of a number of other metals including mer-
cury (Hg) (Gonzalez and Villasanta 1982), Cd (Bokemeyer 1998), and, potentially,
chromium (Cr) as it too forms DNA adducts (Shi et al. 2004). The currently
available Pt-based chemotherapy drugs are toxic and carcinogenic in vitro and
in vivo (DHHS 2000; Leonard et al. 2002; Polycarpe et al. 2004; Lanvers-Kaminsky
et al. 2006) and are conclusively linked to the occurrence of secondary leukemia
and solid tumors (Bokemeyer and Schmoll 1995; Travis et al. 1999; DHHS 2000;
Travis et al. 2010) in patients treated for testicular and ovarian cancer. Residual
Pt concentrations in serum have been associated with late effect symptoms as well
(Sprauten et al. 2012).

Given that serum Pt levels, post-treatment, may represent a biomarker for late
toxicity effects in combination with the known and potential interactions between Pt
and other metals, we evaluated the levels of residual Pt in serum from 169 testicular
cancer survivors (Sprauten et al. 2012). Cumulative cisplatin doses ranged from
191 to 1,565 mg m�2, and median serum Pt concentrations ranged from 0.031
to 12.710 nmol L�1. As expected, serum Pt and cisplatin dose were positively
correlated (p < 0.01). Pt concentrations in patients who received high cumulative
doses of cisplatin (>850 mg m�2) are also statistically significantly different from
those that received lower doses (<850 mg m�2) (Fig. 2.2). There is no statistical
difference in serum Pt concentrations between patients who received low doses of
cisplatin and those who were not treated with cisplatin.

We evaluated relations between serum metal concentrations and chemothera-
peutics using factor analysis with principal component extraction. Patients were
coded based on the combination of chemotherapy treatments received as many
of the patients received other drugs in addition to cisplatin. Of these compounds,
the majority are sulfur bearing. Eight patients received variable doses of cisplatin
as well as carboplatin (C6H12N2O4Pt). Though factor analysis reduced the data
to five components accounting for 64% of the total variance in serum elemental
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Fig. 2.2 Serum Pt concentrations across cisplatin dose groups. Concentrations are statistically
distinct (p < 0.000) in serum from patients whose cumulative dose exceeded 850 mg m�2

composition, few metals were strongly related to individual components. Factor
loadings of metals on factors 1, 2, and 3 are shown in Fig. 2.3. Pt and Gd load
low on factor 1 and variably on factors 2 and 3. Loading positively on factor 1 are
the other metals. Factor 2 appears to discriminate between 2 groups of metals (Pb,
Zn, Mo, Ce, La, Co, Mn and Cu, Sr, Fe, Se, Ti, Ca, Mg, Cr). The variance in metal
concentration is best captured by factors 2 and 3 (Fig. 2.3). Based on the relations
between factor loadings and coded groups, factor 1 appears to be related to treatment
only. There appears to be a slight trend in loadings along factor 3 that may be related
to Pt interactions with other metals such as Cu, Zn, Gd, and Pb (R2 D 0.823) which
is similar to the median loadings of coded groups (R2 D 0.803).

Recall that Pt has the potential to displace Zn on metallothionein (Pattanaik
et al. 1992; Zhang and Tang 1994; Hagrman et al. 2003; Mandal et al. 2003).
Metallothioneins play an important role in transcription factor regulation, and
their expression is often increased in some cancers, including testicular cancer.
Given the mode of action of cisplatin, it is expected that the drug interacts
with metallothioneins such as cysteine and methionine (Kelland 2007) leading to
displacement of Zn and detoxification of Pt. That this interaction is not direct is
also no surprise given that most patients also received S-bearing chemotherapy
treatments that will also influence the relative abundances of metallothioneins.
Interestingly, the relations presented by our factor analysis support the contention
that the toxicity behavior of Pt is similar to that of Pb and other heavy metals.

To further evaluate the role of cisplatin in the long-term circulation of Pt,
we performed a linear regression using loadings on factors 1 and 3 to predict
Pt behavior. Factor 3 was most important in predicting serum Pt concentrations
further supporting the supposition that Pt in serum is associated with interactions
between metals and is indirectly associated with cisplatin dose. Both factor 1 and
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Fig. 2.3 Factor analysis results (principal component extraction) using serum metal concentra-
tions. Samples are coded as follows: Patients who received >850 mg m�2 cisplatin and other
combinations of nonmetallic agents (full circles); patients who received <850 mg m�2 cisplatin
and other combinations of agents including Pt-bearing carboplatin (open triangles); patients who
received <850 mg m�2 cisplatin and combinations of nonmetallic agents (full squares); and
patients who received no chemotherapy (open rhombs)

factor 3 predict Pt concentrations (R2 D 0.237); however, factor 1 appears to be the
most important (p < 0.001). We attribute the variance captured by factor 1 to the
chemotherapy treatment received by the patient. Factor 2 appears to isolate serum
metals into 2 groups with major ions loading low on factor 2 and minor ions loading
high. This suggests that the variance captured by factor 2 is associated with bio-
chemical/physiological mediation of blood chemistry independent of chemotherapy
drug exposure. Factor 3 further isolates the variance in blood metal chemistry and
specifically isolated “redox” metals from major ions. Factor 3 is interpreted as that
component associated with oxidative stress induced by the chemotherapy agents.

2.4 Conclusion

The literature is rife with evidence that there is significant individual variation in
terms of toxic response to Pt-based anticancer drugs, variation in Pt concentrations
in tissues, and variation in late effects. However, as we begin to link the interactions
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of Pt at the molecular level with plasma proteins and associated impacts on trace
element distributions in tissues with toxicity and late effects as well as begin to
integrate epigenetics into the study of Pt-dose response, we begin to see that late
effects may be attributed to differences between fast and slow regenerating tissues
and associated release into the bloodstream of stored Pt possibly decades after
treatment. Different tissues show variable half-lives, and the rate of regeneration of
tissues decreases with age. Indeed, higher doses have been associated with longer
Pt half-lives (Heydorn et al. 1998), which supports the contention that Pt levels
in the plasma represent release of Pt during tissue regeneration (Brouwers et al.
2008a, b). The significant feedbacks between Pt – trace metal in plasma proteins –
and potential for long-term storage and release of Pt long after treatment are only
now beginning to reveal the necessity of large-scale integrative transdisciplinary
research to fully understand late effects in patients treated with Pt-based anticancer
therapies.
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Chapter 3
Atmospheric Particulate Matter (PM)
in the Middle East: Toxicity, Trans-boundary
Transport, and Influence of Synoptic Conditions
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Abstract The Middle East is one of the regions in the world where relatively
high concentrations of atmospheric particulate matter (PM) have been detected
frequently. It has been suggested that PM levels in the Middle East are present at
levels that lead to adverse health effects and to poor visibility. In the current study,
we summarize results published by our group over the last decade and introduce new
data which demonstrate the extent of trans-boundary PM transport, and the fact that
synoptic conditions control its chemical and mineralogical composition and might
also affect its toxicity.
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3.1 Health Effect of Aerosols

The adverse effects of outdoor air pollution on human health, and in particular
the harmful effect of high ambient concentrations of fine particles, have been
demonstrated by a growing body of studies. The landmark Six Cities Study pointed
out that air pollution was positively associated with death from lung cancer and
cardiopulmonary disease, and that mortality was most strongly associated with fine
particulates (Dockery et al. 1993). In another study conducted in 20 major cities in
the USA from 1987 to 1994, it was assessed that the level of atmospheric particles
(PM10) is associated with the rate of death from all causes and from cardiovascular
and respiratory illnesses (Samet et al. 2000). It was also reported that increases
in ozone levels enhanced the relative death rates during the summer, when ozone
levels are highest, but not during the winter; levels of the other pollutants (carbon
monoxide, sulfur dioxide, and nitrogen dioxide) were not significantly related to the
mortality rate. A third study, an 8-year follow-up to the Six Cities Study, reported
a longer life span of people living in cities that reduced the amount of airborne
fine particulate matter (Laden et al. 2006). More specifically, it was suggested
that an average of 3% fewer people died (75,000 people per year in the USA)
for every reduction of 1 �g/m3 in the average levels of PM2.5. These findings
remained valid after controlling for the general increase in adult life expectancy in
the USA during both the original and follow-up study periods. Numerous additional
studies around the world have similarly reported excess morbidity and mortality
associated with ambient particulate matter (e.g., Cohen 2005; Neubergera et al.
2007; Bell et al. 2009; Pope et al. 2009; Vedal et al. 2009; Brook et al. 2010
and references therein; Stanek et al. 2011). Furthermore, it has been demonstrated
that elevated concentrations of suspended atmospheric particles (PM) are associated
with oxidative stress, respiratory and cardiopulmonary diseases, and oxidative DNA
damage; they have also been shown to have important impacts on the population,
particularly on sensitive individuals including children, pregnant women, and
elderly people (Laden et al. 2006; Brook et al. 2010; Delfino et al. 2010; Cao and
Frey 2011; Lipfert and Murray 2012). Increasing evidence suggests that exposures
to fine particles (less than 2.5 or even less than 1 �m) are associated with the largest
health risk compared to coarse particles (Li et al. 2003; Vinzents et al. 2005; Brook
et al. 2010). Likewise, the type of particles, their composition, and the amount
of toxic components they contain have an important impact on the health of the
exposed population (Xia et al. 2004; Brook et al. 2010). For example, Dockery et al.
(1993) pointed out that “mortality was most strongly associated with air pollution
with fine particulates, including sulfates.” The link between PM composition and
their health (and toxicity) effects will be discussed in more detail in the next
section.

Given the need to reduce the public’s risk due to PM exposure, an accurate
assessment of the relative impact of different sources, including long-range trans-
boundary transport, is greatly needed. Indeed, a comprehensive 3-year joint study
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by the US EPA and the Israeli Ministry of Environmental Protection revealed
that PM10, considered to represent the breathable fraction of ambient particles, is
responsible for the greatest portion of mortality and morbidity attributable to air
pollution in greater Tel Aviv during 1995–1999 (Israel Ministry of Environment
Protection 2003). The potential health problems were, in particular, attributed to par-
ticles containing organic carbon. Moreover, the Israeli Ministry of Environmental
Protection published recently a literature review on the health effects of atmospheric
particles, stressing the diverse nature of health problems caused by atmospheric
particles, especially, fine and ultrafine particles (Karsenty 2007). Such information
can serve as a foundation for the development of control strategies, and to design
location-specific health studies that can quantify the spatial distributions of exposure
and the relative risk associated with emissions from different sources.

3.2 Toxicity of Atmospheric Particulate Matter

Over the past few years, numerous studies have examined the toxicity of PM.
Although mechanisms of PM cellular toxicity are still poorly understood, studies
in cellular models suggest a variety of possible mechanisms (Salvi and Holgate
1999; Gonzalez-Flecha 2004; Nel 2005; Oberdorster et al. 2007; Turoczi et al.
2012). One of the main hypotheses under investigation is that PM cytotoxicity
derives from oxidative stress, initiated by the formation of reactive oxygen species
(ROS; Prahalad et al. 1999; Gonzalez-Flecha 2004; Cho et al. 2005; Cai et al.
2008; Cheung et al. 2010; Ren et al. 2010). Increased production of ROS after
PM exposure is suggested by the finding that many of the proinflammatory genes
induced upon exposure to PM are regulated by redox-sensitive transcription factors.
Activation of these factors has been reported in alveolar and bronchial epithelial cell
lines treated with PM (Jimenez et al. 2000; Kennedy et al. 1998; Shukla et al. 2000).
As mentioned previously, particle size is thought to have a major effect on particle
cytotoxicity. Li et al. (2003) showed that ultrafine particles (UFPs; <1.25 �m)
have the highest oxidative activity in a DTT (dithiothreitol) assay in comparison
with larger particles. Using electron microscopy, they demonstrated localization
of UFPs in the mitochondria, where they induce major structural damage which
may contribute to oxidative stress. PM composition also plays a significant role in
their cytotoxicity. Organic pollutants, especially polycyclic aromatic hydrocarbons
(PAHs), have been found to increase intracellular reactive oxygen species (ROS)
(Klein et al. 1992; Penning 1993; Brook et al. 2010) and to be mutagenic in a
variety of in vitro systems (Binkova et al. 1998; Topinka et al. 2000). Metals which
are found in combustion-derived particulate matter, such as Cu, Ni, V, Fe, and
Zn, have been studied and found toxic to exposed lung epithelial cells (Adamson
et al. 2000; Riley et al. 2003). Special attention has been drawn to Fe, a common
element found in atmospheric PM, originating from both natural and anthropogenic
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Table 3.1 The nine reporter strains comprising the bioassay panel used by
Kessler et al. (2012)

Responsive promoter Indicated stress Regulatory control

micF Superoxide stress SoxRS
sodA Superoxide stress SoxRs
katG Peroxide stress OxyR
grpE Protein damage “Heat Shock” (rpoH)
arsR Excess AsC5/AsC3 ArsR
zntA Excess PbC2/CdC2/ZnC2 ZntR
recA DNA damage “SOS”
cydA Respiratory inhibition Arc
fhuF Iron deficiency Fur

sources. Iron has been shown to mediate the generation of free radical activity
and peroxide formation on the particle’s surface (Siefert et al. 1994; Donaldson
et al. 1997) and to account for a major fraction of ROS activity of water extracts
of PM (Shafer et al. 2010). Auffan et al. (2008) have shown that the redox state
of Fe-based nanoparticles has a great influence on their toxicity to Escherichia
coli, Fe0 being highly cytotoxic, while the trivalent Fe nano-maghemite had no
apparent effect. Hexavalent Cr, a known carcinogen (Dayan and Paine 2001), is
also suspected to be a cytotoxic constituent of atmospheric PM. It was observed that
yeast cells, defective in their Cu, Zn-superoxide dismutase, were hypersensitive to
Cr(VI) under aerobic conditions (Sumner et al. 2005). They established an oxidative
mode of Cr toxicity in yeast, which primarily involves oxidative damage to cellular
proteins.

Kessler et al. (2012) utilized bioassay techniques to further investigate these
aspects. For this purpose, a reporter panel of nine genetically engineered bacterial
(E. coli) bioreporter strains was composed (Table 3.1). This was done by recombi-
nant DNA technology, namely, fusion of two genetic elements inside the bacteria:
(1) a sensing element, a promoter of a gene that is induced as a result of the relevant
stress, and (2) a reporter element composed of bacterial bioluminescence genes, the
combined expression of which results in light emission. Each panel member was
designed to report on a different stress condition by a dose-dependent measurable
light signal (Table 3.1). Toxic mechanisms and components were studied using
six anthropogenic PM source samples, including two vehicle (gasoline and diesel)
combustion particles, three coal fly ash (CFA) samples, and an urban dust sample
collected in a parking lot. In addition, a few ambient aerosols collected under
different atmospheric conditions were studied. The PM samples were extracted with
deionized water and with deionized water C DMSO (dimethyl sulfoxide), and the
genetically engineered bacterial strains were exposed to the extracts.

Like in previous studies (Van Maanen et al. 1999), broad panel responses of two
of the CFA samples were detected. The activated panels indicate oxidative stress,
respiration inhibition, and iron deficiency (Fig. 3.1). These responses were relieved
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Fig. 3.1 The response ratios (light emission relative to a control) of the three types of coal fly ash
sample, the car exhaust samples, and the urban dust (Modified after Kessler et al. (2012))

when the samples were treated with EDTA, suggesting the participation of metals in
the observed effects. This was observed by the excess metal sensor as well as by the
superoxide and respiratory stress sensors (Fig. 3.2). Indeed, water extracts of these
two CFA samples had an order of magnitude higher concentration of Cr relative to
all other samples (Table 3.2), suggesting that Cr was related to the toxic responses
(Dayan and Paine 2001; Meng et al. 2011).

While the particles collected from the exhausts of the diesel and gasoline cars
did not create any effect, the urban dust sample strongly suggested excess metal
toxicity (Fig. 3.1). Since the car exhaust samples and the urban dust samples had
a similar chemical composition, it was suggested that the difference in response
was either related to the higher mass of the urban dust sample or to aging effects
that rendered the toxic metals more bioavailable. Also, the urban dust sample had
high concentrations (relative to the coal fly ash samples) of several metals including
Cu, Co, Ni, Mn, Zn, Cd, Pb, and U. In contrast to all six PM source samples,
ambient PM collected on four out of seven occasions caused peroxide stress and
much lower superoxide stress (Fig. 3.3). Aerosol samples were collected by a PM2.5

sampler located in western Jerusalem on the roof of the Earth Science building at
the Safra Campus of the Hebrew University. It is also important to note that in
all four occasions, when peroxide stress was detected, the prevailing air masses
were arriving to Jerusalem from the Israeli coastal plain (where the major urban
center is located); in the three occasions when no stress was detected, the wind
directions were variable, and it was more difficult to determine the sources of the
air masses. The reporter panel approach is capable of providing important insights
with respect to the mechanisms of atmospheric PM toxicity. By combining the
reporter panel’s results with information obtained on elements released from the
PM by aqueous extraction and with other types of sample manipulations (addition of
EDTA, extraction with organic solvents), additional insights were gained regarding
possible causes of PM toxicity.
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Fig. 3.2 The effect of added
EDTA on the response of
three reporters: (a) excess
metal, (b) superoxide stress,
and (c) respiratory stress
(Modified after Kessler et al.
(2012))
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Table 3.2 Element composition of the aqueous extracts of the PM source samples in the bacterial
reporters exposures

3.3 The Role of Synoptic Classification and Reconstruction
of Pollution Pathways

Many studies demonstrated that synoptic climatology is an efficient tool to explain
the relationships between atmospheric circulation categories and environmental
variables such as air pollutants in general (e.g., Dayan and Levy 2002; Dayan
and Lamb 2007; Dayan et al. 2011; Drori et al. 2012) and ambient particulate
matter concentration in particular (e.g., Triantafyllou 2001; Kassomenos et al. 2001;
Alexandrova et al. 2003; Dayan and Levy 2005; Yang et al. 2007; Guzmán-Torres
et al. 2009; Velders and Matthijsen 2009; Buchholz et al. 2010; Demuzere and
van Lipzig 2010; Sfetsos and Vlachogiannis 2010; Tai et al. 2010; Tandon et al.
2010; Markovic et al. 2011; Fleming et al. 2011). The results of these circulation–
particulate matter studies rely on fitting the spatiotemporal distribution of particulate
matter to the spatiotemporal distribution of barometric systems on a synoptic scale.
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Fig. 3.3 Bacterial reporter responses to atmospheric PM. sod-A superoxide stress, katG peroxide
stress, grpE protein damage. Dates indicate sampling periods of the atmospheric PM (Modified
after Kessler et al. (2012))

This compatibility leads to distinctive seasonal and diurnal variations in ambient
particulate matter concentrations obtained for any particular mode of atmospheric
circulation (e.g., Dayan et al. 1991).

Synoptic climatology studies analyzing the associations between atmospheric
circulation and PM have been performed over the Eastern Mediterranean and
in Israel (Dayan et al. 1991; Moulin et al. 1997; Moulin et al. 1998; Dayan
and Levy 2005; Erel et al. 2002, 2006, 2007; Dayan et al. 2007). For example,
Moulin et al. (1998) have shown that the frequency of dust outbreaks is strongly
related to the climatology of depressions affecting North Africa. Recently it was
established that atmospheric particles emitted in two large urban areas affect the
Eastern Mediterranean, including Israel. During winter and spring, pollution emitted
in Cairo, Egypt, is transported toward Israel along with dust storms (Falkovich
et al. 2004; Erel et al. 2006). During the summer, pollution originating in urban
centers around the Black Sea is transported to the Eastern Mediterranean region
(Erel et al. 2007; Kalderon-Asael et al. 2009). In all studies, it was shown that
the concentrations of the aerosols in Israel were affected by the interactions of
synoptic circulation types and regional wind flow pattern induced by mesoscale
meteorological processes (i.e., land–sea breeze) (Levy et al. 2008, 2009a, b).

The nature of PM2.5 in the Middle East (Jordan, the Palestinian Authority, and
Israel) was examined by a multinational team led by one of us (JJS – Sarnat
et al. 2010). Their findings are plotted in Fig. 3.4, which presents the generalized
composition of PM2.5 in the Middle East, indicating that the major constituents are
organic and elemental carbon, with highly variable concentrations (both spatially
and temporally). Terrestrial material is another important constituent, but it has a
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Fig. 3.4 The average composition of PM2.5 in the Middle East (Modified after Sarnat et al. (2010))

more uniform distribution over the entire study area. Sulfates have very consistent
levels on an annual basis but display seasonal differences across sites, suggesting
strong influence of regional sources. Indeed, several studies have shown that the
budget of sulfates in the atmosphere of the Middle East is governed by transport
from Europe, both in the winter (southwestern Europe) and summer (southeastern
Europe) (Luria et al. 1996; Wanger et al. 2000; Lelieveld et al. 2002; Dayan et al.
2002; Rudich et al. 2008). Based on a series of research flights, Matvev et al. (2002)
estimated that approximately 15% of the sulfate aerosols emitted over Europe finally
reach the Israeli Mediterranean coastline. Furthermore, Kalderon-Asael et al. (2009)
demonstrated that the so-called terrestrial fraction of PM arriving to Israel from
southeastern Europe in the summer contains approximately 50% anthropogenic
phases.

By using a sequential dissolution scheme combined with measurements of Pb
isotopic composition and Pb enrichment, Erel et al. (2006) showed that during
dust storms, the desert dust arriving to Israel contains significant amounts of
pollution, both attached to the desert dust surfaces and also polluted soil particles
resuspended and carried by the strong winds generated in the forefront of advancing
cyclones. Falkovich et al. (2004) who studied the same dust storms identified various
anthropogenic organic compounds (Pesticides, PAH, oxy-PAH) that were attached
to the dust particle surfaces. The issue of resuspension of polluted soils has gained
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Fig. 3.5 24-h PM2.5 load
measured across Israel (in
more than 20 stations)
between 2000 and 2010
grouped according to
synoptic conditions. PT-d
deep Persian trough, PT-s
shallow Persian trough, CD
cold depression, HE high to
the east, RS Red Sea trough,
SC Sharav cyclone

interest in the last few years and was studied extensively in various parts of the
world (e.g., Young et al. 2002; Filippelli et al. 2005; Laidlaw and Filippelli 2008;
Tiea et al. 2009). A comprehensive summary of the resuspension of soils polluted
with Pb may be found in http://www.urbanleadpoisoning.com/.

We have recently analyzed data of PM2.5 and PM10 collected in more than 20
stations across Israel by the Ministry of Environmental Protection from 2000 to
2010. Samples were grouped according to six synoptic conditions: (1) deep Persian
trough (PT-d), (2) shallow Persian trough (PT-s), (3) cold depression (CD), (4) high
to the east (EH), (5) Red Sea trough (RS), and (6) Sharav cyclone (SC). The first
two modes of PT prevail in the summer and carry mostly air masses from the
Eastern part of the Mediterranean and from the region around the Black Sea (Dayan
and Levy 2005). Cold depression prevails in the winter and is mostly associated
with the arrival of cold fronts to Israel, bringing along with it moist air which
produce most of the precipitation in the Middle East. When the cold depression
has a southerly track, it carries with it desert dust from North Africa and the Sinai
Peninsula. EH and Red Sea troughs carry air masses from Saudi Arabia, Jordan,
and the Sinai Peninsula toward Israel that are sometimes associated with minor
dust storms. Dayan et al. (1991) showed that transport of Saharan dust from North
African sources has usually more intensive mass loading capacity and takes place in
deeper atmospheric layers for a longer duration (approx. 2–4 days) than dust storms
from the Arabian Desert. Sharav cyclone, which prevails in the spring, has similar
air trajectories to the cold depression. A more detailed discussion of these synoptic
conditions is given elsewhere (e.g., Dayan and Levy 2005).

Under all synoptic conditions, the PM2.5 load (measured on a 24-h basis)
exceeded the EPA daily standard of 35 �g/m3 in all sampled stations (Fig. 3.5).
While less than 10% of the days in the summer when PT condition prevail exceed
that level, approximately 15% of the RS and EH days (air from Jordan and Saudi

http://www.urbanleadpoisoning.com/
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Fig. 3.6 PM2.5/PM10 ratio of samples collected across Israel from 2000 to 2010 grouped according
to the six categories of synoptic conditions. PT-d deep Persian trough, PT-s shallow Persian trough,
CD cold depression, HE high to the east, RS Red Sea trough, SC Sharav cyclone

Arabia), 25% of CD days (air North Africa and the Mediterranean), and 50% of
SC days (air North Africa and the Mediterranean) exceeded the standard. Also,
when comparing same-synoptic condition days with high and low PM2.5 loads, it is
generally observed that low PM2.5 days occurred when the air masses spent extended
period above the Mediterranean prior to their arrival to Israel. The six synoptic
conditions also differ in their PM2.5/PM10 ratios. The PT samples which carry air
from Eastern Europe with large anthropogenic contribution have PM2.5/PM10 of
about 0.5, the EH and RS samples which contain PM from sources in Saudi Arabia
and Jordan have PM2.5/PM10 of about 0.33, and the SC and CD samples which
contain PM from North Africa have PM2.5/PM10 of about 0.25 (Fig. 3.6). These
results demonstrate the strong influence of synoptic conditions on the properties of
PM in the atmosphere of the Middle East. The use of meteorological data that is
constrained by more limited measurements of PM load, composition, and toxicity
can open a new paradigm for epidemiological studies and air pollution forecasting.
This by no means is constrained to the Middle East, and studies carried out in other
regions have yielded similar results which allow forecasting of air pollution episodes
based on meteorological data (Dayan and Levy 2005; Guzmán-Torres et al. 2009;
Velders and Matthijsen 2009; Buchholz et al. 2010; Demuzere and van Lipzig 2010;
Sfetsos and Vlachogiannis 2010; Tai et al. 2010; Tandon et al. 2010; Markovic et al.
2011; Fleming et al. 2011).
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3.4 Concluding Remarks

A few important conclusions can be made based on our observations:

• The major PM toxicity observed was oxidative stress related to the presence of
transition metals.

• There is a strong effect of sources, and there is a possible effect of PM aging.
• In the Middle East, there is substantial trans-boundary component of particulate

matter pollution and associated toxic components.
• There is strong evidence to resuspension of polluted soils.
• Some important PM properties are controlled by synoptic conditions.
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Chapter 4
Reaction Path Modeling: Theoretical Aspects
and Applications

L. Marini

Abstract Reaction path modeling is an effective geochemical tool used by geo-
chemists to predict water–rock interaction processes for approximately 45 years.
In this chapter, theoretical aspects of reaction path modeling are presented and
discussed together with some examples of application, taken from the available
scientific literature and relating to the interaction of earth materials with simulated
lung fluids. In two of these examples, on the dissolution of chrysotile and other
common silicates in lung fluids, reaction path modeling highlights the importance of
precipitation of secondary minerals, including hydroxyapatite. In the third example,
yttrium and lanthanides are used to investigate the precipitation of phosphatic
microcrystals in intra-alveolar areas of lungs, triggered by inhalation of volcanic
dust and interactions with lung fluids. At present, geochemical modeling can be
performed by referring to simplified systems due to the lack of a comprehensive
thermodynamic database. Nevertheless, the experience gained by geochemists on
water–rock interaction processes has great potential for collaborations between
medical geochemists and biomedical experts.

Keywords Reaction path modeling • Water-rock interaction • Dissolution-
precipitation reactions • Human lung fluids

4.1 Introduction

The adverse effects of several geological materials (e.g., asbestos, silica, coal
dust, concrete, urban particulate, glass wool, mineral wool, edible soil, volcanic
ash, wildfire smoke and ash) on human health has been the subject of recent
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comprehensive reviews by Plumlee et al. (2006) and Plumlee and Ziegler (2007).
As recognized by these authors, these effects result from complex pathways whose
first necessary step is the interaction of geological materials with the human body
through key interfaces, such as the respiratory tract, gastrointestinal tract, skin,
and open wounds, where aqueous solutions are present: lung fluids, gastrointestinal
fluids, sweat, and blood plasma, respectively.

Human body fluids are also involved in: (i) normal and pathological mineraliza-
tion processes, including production of bones, teeth, otoconia, kidney stones, uric
acid stones, gallstones, and development of calcified vasculature and (ii) reactions
occurring upon implantation in the human body of biomaterials (Sahai 2007 and
references therein).

From the geochemists’ point of view, all the processes recalled above are similar
to water–rock interaction processes, which can be studied using the analytical and
numerical techniques developed and refined during the second half of the twentieth
century. One of these numerical methodologies is reaction path modeling, which
allows one to predict the evolution of multicomponent–multiphase systems, where
several homogeneous and heterogeneous reactions may occur, based on the pillars
of thermodynamics and chemical kinetics.

The main aim of this chapter is to provide an overview of reaction path modeling
and to present some applicative examples, taken from the scientific literature, of
this powerful tool on the interaction of geological materials with human body fluids
(Wood et al. 2006; Taunton et al. 2010; Censi et al. 2011). Further details on reaction
path modeling are given in Bethke (2008).

4.2 From Equilibrium Models to Reaction Path Modeling

Perhaps the first ever equilibrium model was developed by Garrels and Thompson
(1962), who computed the distribution of aqueous species (also called specia-
tion) in seawater starting from its bulk composition as determined emperically.
To appreciate the difference between bulk composition and speciation, let us
refer to dissolved magnesium in average seawater, whose total concentration
is 1,290 mg/kg, which corresponds to 0.05501 mol/kg. Results of equilibrium
models indicate that the prevailing species of dissolved magnesium is free ion
Mg2C, with a concentration of 0.03975 mol/kg, accounting for 72.3% of total
Mg concentration. The remaining 0.05501 � 0.03975D 0.01526 mol/kg is con-
tributed by aqueous complexes, mainly MgClC (0.009126 mol/kg, 16.6%), MgSO4

ı
(0.005767 mol/kg, 10.5%), MgHCO3

C (0.0001981 mol/kg, 0.4%), and MgCO3
ı

(0.0001068 mol/kg, 0.2%).
How is aqueous speciation computed? The equilibrium state is defined by (a) a

set of mass balance equations, one for each chemical component; (b) a set of mass
action equations, or thermodynamic equilibrium constants, one for each aqueous
complex; and (c) the charge balance equation, as required by the principle of
electroneutrality. For instance, the total analytical molality of Mg, mMg, tot, is given



4 Reaction Path Modeling: Theoretical Aspects and Applications 49

by the following mass balance:

mMg,tot D mMg2C
C mMgClC C mMgSO

ı

4
C mMgHCOC

3
C mMgCO

ı

3
C � � � (4.1)

where mi is the molal concentration of the i-th aqueous species. The MgClC aqueous
complex, for an example, is related to free ions Mg2C and Cl� (both of which are
component species) by the dissociation reaction:

MgClC D Mg2C C Cl� (4.2)

whose thermodynamic equilibrium constant is

KMgClC D aMg2C
� aCl�

aMgClC
D mMg2C

� mCl� � �Mg2C
� �Cl�

mMgClC � �MgClC
(4.3)

where ai and � i are the activity and the activity coefficient of the i-th aqueous
species, respectively.

Since activity coefficients are involved in mass action equations (e.g., Eq. 4.3),
suitable relations to compute activity coefficients have also to be taken into account
to solve the set of equations of interest. Activity coefficients of individual ionic
solutes are generally computed by means of the extended Debye–Hückel equation:

log �i D � A� � Z2
i � p

I

1 C Vai � B� � p
I

C Bı � I (4.4)

where Zi and åi are the charge and the temperature-independent ion-size parameter
of the i-th ion, respectively; A� and B� are functions of temperature as well as
density and the dielectric constant of the solvent; and I is the ionic strength of the
aqueous solution. This is defined by the relation:

I D 1

2

X
i

mi � Z2
i (4.5)

Equation 4.4, also known as B-dot equation, was derived by Helgeson (1969)
referring to the experimental data available for NaCl aqueous solutions up to
temperature of 300ıC and ionic strength of 3 mol/kg. The B-dot equation generally
works satisfactorily up to ionic strengths close to 1 mol/kg, if the composition of
the aqueous solution is dominated by Na and Cl. In fact, at higher ionic strengths,
activity coefficients depend not only on the ionic strength of the aqueous solution but
also on the concentrations of major solutes, as it was shown experimentally long ago
(e.g., Harned and Owen 1958). Therefore, the use of the Pitzer’s model (Pitzer 1979,
1987, 1992), involving suitable interaction parameters, is needed for concentrated
electrolytes, especially for compositions different from NaCl. Considering that the
inorganic part of blood plasma has ionic strength of 0.14 mol/kg (data from Plumlee
and Ziegler 2007), the use of the B-dot equation should be acceptable in medical
geochemistry.
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Going back to the set of equations to be solved for computing the equilibrium
state, it must be noted that activity coefficients are a function of ionic strength
which, in turn, depends on the results of these calculations. Therefore, an iterative
approach is needed to compute the equilibrium state. Today, this task is easily
accomplished using different computer codes, the most popular of which are
probably MINTEQA2 (Allison et al. 1991), WATEQ4F (Ball and Nordstrom
1991), PHREEQC (Parkhurst and Appelo 1996), and EQ3 (Wolery and Jarek
2003). However, amazingly, Garrels and Thompson (1962) computed the aqueous
speciation of seawater by hand!

Why is aqueous speciation so important? Saturation states, one of the results
of speciation models, indicate whether an aqueous solution has the potential to
precipitate or dissolve a mineral or a gas phase. Moreover, the relative importance
of individual aqueous complexes can be established. Today, equilibrium models are
frequently used in fluid geochemistry and are applied to different targets including
water management, mitigation of water pollution, acid mine drainage, radioactive
waste storage, geological sequestration of CO2, and exploration and exploitation of
geothermal energy.

A different type of model was explored by Garrels and Mackenzie (1967),
through the simulation of the reactions occurring during the progressive evaporation
of spring water. First, they computed aqueous speciation in the initial spring water.
Then, they removed step-by-step a given amount of water and recomputed the dis-
tribution of each aqueous species. In this way, geochemical modeling was extended
from a single state to a number of states and a thus whole process was simulated.

4.3 Reaction Path Modeling: Generalities
and Theoretical Aspects

Starting from the pioneering work of Garrels and Mackenzie (1967), the full-fledged
methodology of reaction path modeling was proposed by Helgeson and coworkers
at the end of the 1960s. The relationships needed to describe the irreversible
water–rock mass transfer processes were presented and discussed by Helgeson
(1968). Helgeson and coworkers wrote the first computer program for reaction path
modeling, named PATHI (“path one”), and applied this technique to study several
processes of geochemical interest, including weathering, hydrothermal alteration
and ore deposition, sediment diagenesis, and evaporation (e.g., Helgeson et al.
1969, 1970). After a decade, two software packages for geochemical modeling
were made available to the geochemical community: EQ3/6 by Wolery (1979) and
SOLVEQ/CHILLER by Reed (1977, 1982).

Reaction path modeling allows one to compute the amounts of precipitated
secondary phases (product solid phases) and the chemical composition of the
aqueous solution during the progressive dissolution of one or more primary mineral
phases (reactant solid phases). Through these geochemical models, it is possible



4 Reaction Path Modeling: Theoretical Aspects and Applications 51

to predict the behavior and fate of the different chemical elements and species, in
particular of the so-called potentially harmful elements and species (PHES) in the
course of the considered process.

The system under investigation, comprised of one or more primary solid phases,
an aqueous solution and possible secondary minerals, can be assumed to be in
communication with one or more external gas reservoirs fixing the partial pressure
of each considered gas at a constant value, specified at the beginning of each
simulation. In this case, the system is said to be open with respect to the considered
gas. The alternative situation, in which the gas is not provided to the system, is the
so-called closed-system condition. Among gases, O2 and CO2 are very important
in blood plasma, with arterial PO2 of 0.132 atm, venous PO2 of 0.02–0.053 atm,
arterial PO2 of 0.053 atm, and venous PCO2 of 0.06 atm (Plumlee and Ziegler 2007).
Moreover, the system of interest can be treated as open or closed with respect to
secondary solid phases, whether they remain in the system or are removed from it.
Unfortunately, application of the second approach by means of the EQ6 code (the
so-called flow-through open system) is hindered by computation problems pertinent
to the management of moles of secondary solid phases.

A complicated issue is the treatment of redox reactions. In general, redox
reactions are slow or relatively slow and the condition of redox equilibrium is not
attained. An example is represented by organic substances which are metastable
with respect to either CO2 or CH4 or both, depending on the redox potential of
the system. For instance, only CO2 should be present in blood plasma, under the
PO2 values specified above, instead of the myriad of organic molecules which
are actually present. Therefore, the condition of redox equilibrium cannot be
used in geochemical modeling, at least for describing carbon speciation, and the
concentrations of all relevant inorganic and organic component species have to be
specified as input data in calculations.

Treatment dissolution reaction and trace elements release and fate are the subject
of the next sections.

4.3.1 Description of Dissolution–Precipitation Reactions
in Stoichiometric Mode or Time Mode

The advancement of chemical reactions can be described in terms of either thermo-
dynamics only or in combination with chemical kinetics as well. Thermodynamics
quantifies the energy differences controlling the evolution of the chemical reactions
of interest. For example, focusing on a simple system comprising an aqueous
solution and a single dissolving mineral, the decimal logarithm of the Q/Ksp ratio
(where Ksp is the solubility product of the solid phase and Q is the corresponding
activity product), known as saturation index, SI D log (Q/Ksp), indicates the distance
from the equilibrium condition. The dimensionless Q/Ksp ratio can be transposed in
terms of energy taking its natural logarithm and multiplying it by R (the universal
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gas constant, either 1.987165 cal mol�1 K�1 or 8.31441 J mol�1 K�1) and T (the
absolute temperature, in K). The obtained variable is known as thermodynamic
affinity, A:

A D R � T � ln
Q

Ksp
D R � T � SI � ln.10/ (4.6)

Both the saturation index and thermodynamic affinity are negative numbers
during the dissolution processes, as long as the aqueous solution is undersaturated
with respect to the dissolving mineral, and zero at equilibrium, where the dissolution
process ends.

Thermodynamic models are based on the hypothesis of attainment of equilibrium
(either partial, metastable, or stable) and do not give any information on the time
necessary for the advancement of chemical reactions. In general, fast and reversible
reactions attaining chemical equilibrium can be satisfactorily treated from the
thermodynamic point of view. In contrast, the treatment of irreversible and slow
processes, such as the heterogeneous reactions involving an aqueous solution and
one or more solid phases, cannot leave kinetics out of consideration. Coupling
thermodynamics and chemical kinetics, the advancement of irreversible reactions
toward the final equilibrium condition and the time needed to attain it can be suitably
described.

Lung fluids interacting with inhaled silicate minerals constitute an example
of a multiphase–multicomponent system, which is out of equilibrium in the
beginning, particularly if primary solid phases are formed at high pressure and
high temperature. Given enough time, chemical reactions between lung fluids and
silicate minerals will take place, causing chemical and mineralogical changes (e.g.,
precipitation of secondary solid phases), which are governed by the progressive
advancement toward the univocally defined final equilibrium state between pri-
mary solid phases and lung fluids. A number of chemical reactions may occur
simultaneously, and different paths, comprising several intermediate steps of partial
equilibrium, can be followed in this gradual progress toward the final equilibrium
condition. Depending on the system, this final equilibrium might be attained or not.

The progressive advancement of the considered system toward the final equi-
librium state is conveniently described by means of a variable known as reaction
progress or extent of reaction, which is expressed in moles (e.g., De Donder 1920,
1927; Denbigh 1971). In fact, the number of moles of both destroyed primary
solid phases and produced secondary minerals, as well as the molality of all solute
species, can be calculated as a function of the reaction progress variable.

The reaction progress is used as pivotal variable to describe the evolution of the
system in the so-called stoichiometric mode or reaction progress mode, which leaves
kinetics out of consideration. Alternatively, reaction path modeling can be carried
out with respect to time, taking into consideration reaction kinetics. The time-mode
approach is more demanding than the stoichiometric-mode approach, as additional
variables are needed, namely, surface areas and dissolution–precipitation rates of
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solid phases (see below). In addition, it might be affected by larger uncertainties,
related to possible errors on these parameters.

To understand the differences between the reaction progress mode and the time
mode, let us consider a simple system in which a single solid phase is dissolving.
In this case, the reaction progress variable, �, the change in the number of moles of
the i-th species (either the dissolving primary solid phase or a solute), dni, and its
stoichiometric coefficients, � i (adimensional), are related by the equation:

dni D �i d� (4.7)

Equation 4.7 can be easily integrated, by obtaining the following relationship:

ni D n
ı

i C �i �� (4.8)

where ni
ı represents the number of moles of the i-th species initially present in the

considered system before the reaction starts. Let us now take the derivative with
respect to time of Eq. 4.7:

dni

dt
D �i � d�

dt
(4.9)

The ratio dŸ/dt is the rate of the heterogeneous reaction, R, expressed in mol/s.
Kinetics of dissolution–precipitation reactions of solid phases is usually described,
referring to the specific reaction rate, r (mol m�2 s�1), and to the surface area of the
solid phase, AS (m2). These three variables are related by the simple equation:

R D r � As (4.10)

Therefore, Eq. 4.9 can be rewritten as follows:

dni

dt
D �i � R D �i � r � As (4.11)

Assuming for simplicity that both the dissolution rate of the dissolving mineral
and its surface area are constant, Eq. 4.11 can be integrated to obtain

ni D n
ı

i C �i � r � AS � �t (4.12)

Equations 4.12 and 4.8 are the pivotal relations for reaction path modeling.
Their comparison shows that there are two differences, in that (i) time is present
in Eq. 4.12 instead of the reaction progress variable in Eq. 4.8 and (ii) both r and AS

appear in Eq. 4.12, whereas they are both absent in Eq. 4.8. It is evident that Eq. 4.8
is used to compute chemical changes in stoichiometric mode, whereas Eq. 4.12 is
utilized to calculate chemical variations in time mode. It is also obvious that, in
the second case, it is necessary to know both the dissolution rate of the considered
mineral and its surface area.
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4.3.2 The TST Rate Law

Different types of rate laws can be used to describe relevant dissolution–
precipitation reactions. Among these rate laws, the transition state theory (TST) has
the most robust theoretical foundations and is, therefore, the one most appropriate
to describe dissolution–precipitation reactions. The general expression of the TST
rate law for a dissolution (forward) reaction is (Wolery and Jarek 2003):

�j D fj � AS;j �
iT C;jX
iD1

kC;ij �
 nT C;ijY

nD1

�a�N
C;ij

n

!
�

0
B@1 � e

�
AC;j

	C;ij � RT

1
CA (4.13)

In Eq. 4.13, AS,j is the total surface area of the j-th mineral, that is, the surface
of contact between the mineral and 1,000 g of the aqueous solution, and fj is a
factor (which is generally set equal to 1) representing the ratio between the effective
surface area and the total surface area.

Equation 4.13 takes into consideration a total number iTC,j of parallel dissolution
mechanisms, each one involving a rate constant (kC,ij), a kinetic activity product
(the first term in brackets on the right side of Eq. 4.13), and a term depending
on thermodynamic affinity, AC,j (the second term in brackets on the right side of
Eq. 4.13). The mechanism-specific kinetic activity product involves the activities
of nTC,ij aqueous species, each one raised to a nonzero reaction order, NC,ij. It
must be recalled that, for most minerals, the main dissolution mechanisms are
(a) the acidic mechanism, which is governed by the hydrogen ion and prevails
at low pH values; (b) the basic mechanism, which is controlled by the hydroxyl
ion and dominates at high pH values; and (c) the neutral mechanism, which is
important in the circumneutral pH range. Dissolution rate of carbonate minerals,
however, comprises also a mechanism controlled by aqueous CO2 (or H2CO3).
Several compilations and reviews of kinetic parameters are available (e.g., Palandri
and Kharaka 2004; Marini 2007; Bandstra et al. 2008).

In addition to the absolute temperature, T, and the universal gas constant, R,
the average stoichiometric number of Temkin, 	C,ij, is also present in the affinity
term. The stoichiometric number of Temkin is the ratio between the rate of
decomposition of the activated complex and the overall dissolution rate. Therefore,
it links the thermodynamic affinity of the macroscopic reaction, AC,j, to that of the
corresponding elementary or microscopic reaction, AC,j/	C,ij. At equilibrium, the
thermodynamic affinity, the affinity term, and the reaction rate become equal to zero.

Equation 4.13 can be used to describe the dissolution and precipitation rate of
solid reactants whose thermodynamic and kinetic properties are known, such as
pure minerals and solid solutions.



4 Reaction Path Modeling: Theoretical Aspects and Applications 55

4.3.3 The Surface Area of Solid Reactants

The specific surface area of minerals, that is, the surface area exposed at the
solid/liquid interface by the unit mass of the solid, can be obtained in two different
ways. It can be measured by means of gas sorption/desorption isotherms (BET
method), or it can be computed through a simple geometric approach, based on
the ideal geometry of mineral grains.

The acronym BET is derived from the names of Brunauer, Emmett, and Teller,
who proposed this widespread method long ago (Brunauer et al. 1938). The BET
method consists of a preliminary heating step aimed at desorbing all gases from
the solid surface at high temperature (typically 350ıC) and under vacuum, which is
obtained by the use of a rotary vane pump. After cooling the sample under vacuum,
the isotherms of sorption and desorption are obtained based on gas pressure and the
volume of gas sorbed onto the solid grains. Sorption and desorption isotherms are
then used to compute the surface area of the sample, based on the assumption that
only a monolayer of gas is sorbed. Either N2 or Kr are used in the BET method,
as their diameter (�4 to 5 Å) is comparable with that of water (�3 Å). Thus, the
BET surface area is a reasonable evaluation of the wetted surface area. However,
N2 and Kr molecules cannot enter the pores where smaller ions may penetrate. In
contrast, the surface area available for sorption of large organic biomolecules may be
significantly lower than that available to gas sorption. Alternatively, by adopting this
geometric approach, simple shapes can be assumed as analogues of mineral grains
and surfaces of mineral grains can be obtained by simple computations (Oelkers
2002; Marini 2007).

The deviation of natural grains from ideal shapes may be taken into account
through a parameter known as surface roughness, which is defined as the ratio
between the true surface area and the corresponding geometric surface area of a
hypothetical smooth surface encompassing the actual surface.

As indicated by both mineral grains from soils and those involved in laboratory
experiments, dissolution processes affect, to different degrees, distinct portions
of mineral surfaces, which evidently dissolve with different kinetics, resulting in
the formation of etch pits. Further complications are caused by the formation of
coatings, due to deposition of secondary phases on solid grains, which reduce the
surface of contact between the aqueous solution and the mineral particles (e.g.,
White and Brantley 2003).

The description of mineral dissolution with respect to time is strongly dependent
on the total surface of contact between the aqueous solution and the solid phase(s).
In fact, as indicated by Eq. 4.12, a hyperbolic relation exists between the surface
area and time corresponding to an inverse linear dependence between the logarithm
of the surface area and the logarithm of time (Marini 2007).
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4.3.4 The Double Solid Reactant Method: An Effective
Approach to Model the Release of Trace Elements
During Mineral Dissolution

As already recalled, TST-based rate laws can be used to describe the dissolution
of solid phases whose thermodynamic and kinetic properties are known, that
is, pure minerals and solid mixtures of idealized stoichiometry, such as those
stored in the reference thermodynamic database of the EQ3/6 software package.
The composition of real minerals, resulting from chemical analyses, differs from
their idealized stoichiometry due to the presence of variable amounts of trace
elements.

The double solid reactant method (DSRM) can be adopted to break this deadlock.
The DSRM was proposed by Accornero and Marini (2008a) to model the release
of trace elements from dissolving pure minerals or solid mixtures. In the DSRM,
each dissolving solid phase is treated as a double solid reactant including both (1)
an entity whose thermodynamic properties are known, either a pure mineral or a
solid mixture, and (2) a special reactant sensu EQ6, that is, a material of known
composition and unknown thermodynamic and kinetic properties.

The special reactant is used to take into considerations the contents of trace
elements. Its composition has to be properly balanced in terms of either: (i) Oxygen
atoms accompanying the considered trace elements, in oxides and complex oxides,
including silicates, carbonates, phosphates, and sulfates; or (ii) sulfur atoms, in
sulfides and sulfosalts; or (iii) Cl and/or F atoms, in halides; and so on.

In reaction path modeling, the relative dissolution rate of the special reactant is
fixed equal to that of a companion solid phase. This can be readily done if either
a single solid reactant is involved in the simulation (e.g., Marini 2007; Lelli et al.
2008) or if constant relative rates are assumed for all the considered solid reactants
(which represent a strong simplification).

In contrast, reaction path modeling of the dissolution of several solid phases in
a given time frame is a much more complicated exercise, as the reaction path has
to be divided in a series of subsequent steps (small enough so that relative rates
of all the solid reactants can be represented by approximately constant values)
and the simulation has to be run twice for each step. In the first run, only pure
minerals and solid mixtures are taken into account, thus obtaining the relative rates
(mol/mol) for each solid reactant throughout the reaction path. In the second run,
the relative rates are assigned to the special reactants accompanying each pure
mineral or solid mixture. Examples are given by Accornero and Marini (2008b)
and Apollaro et al. (2009, 2011). As a general indication, the special reactants
should not contain component oxides (or sulfides) with molar fractions higher
than 0.003.
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4.4 Application of Equilibrium Models in Medical
Geochemistry

4.4.1 Metal Speciation in Human Blood Plasma

As an example of application of equilibrium models in medical geochemistry, it is
instructive to consider the speciation of metals in human blood plasma. This topic
was reviewed by Shock (1998) on which this section is largely based. Considerable
research in medical chemistry has established the bulk concentrations of metals in
human blood plasma and the contents of the organic ligands forming complexes with
each metal (Altman and Dittmer 1974; Ewers and Brockhaus 1991; Williams 1995).
Chemical models of metal speciation in human blood plasma involve the association
(formation) constants for thousands of complexes (May et al. 1977; Berthon et al.
1978, 1986; May 1995). Results of these models indicate that complexes with amino
acids and proteins account for the majority of the speciation of metals in human
blood plasma.

For example, the total concentration of copper is close to 1.8�10�5 M on average,
with 90% of it bound to ceruloplasmin, albumin, and amino acids like histidine
dominating the rest of Cu speciation, and a computed concentration of free Cu2C
ion of �1.0�10�18 M only (May et al. 1977). Organic complexes in human blood are
important not only for Cu but also for other metals, with differences between total
and free ion concentrations of five to eight orders of magnitude for Mn, Zn, and Pb
and of 18 orders of magnitude for Fe (May et al. 1977).

The formation of metal complexes also has a large impact on the speciation of
amino acids in human blood, with the concentration of free (uncomplexed) amino
acids accounting for much less than 10% of their bulk concentrations and even much
less than 1% in several cases.

Letkeman (1996) presented two computer programs, BEST and ECCLES, which
generate distribution diagrams for various metal complexes in human blood plasma
and applied this approach to investigate the speciation of lead and mercury. Results
show that most metal complexes with organic ligands of low molecular weight, such
as amino acids, become less important with decreasing pH (e.g., in the gastric fluids)
due to the increased protonation of the organic ligands.

4.4.2 Solubility of Solid Particles in Lung Fluids

Solubility of solid particles in lung fluids was investigated by means of equilibrium
models by several authors. Hume and Rimstidt (1992) showed that lung fluids
should be strongly undersaturated with respect to chrysotile [Mg3Si2O5(OH)4], one
of the fibrous minerals included in asbestos, which is considered to be the most
powerful solid carcinogen (Fubini and Fenoglio 2007). Plumlee and Ziegler (2007)
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computed the saturation state with respect to quartz and different asbestos-forming
minerals of aqueous solutions having inorganic electrolyte compositions simulat-
ing those of lung fluids, intracellular fluids, and inferred lysosomal fluids. The
adopted fluid compositions were probably too simple (as organic acids were not
included in the equilibrium model) or incorrect (Al concentrations were possibly
too high and inorganic phosphate is indistinguishable from organic phosphate
based on available data), as recognized by the authors. Nevertheless, some useful
indications were obtained. For instance, a general tendency to dissolve is observed
for the asbestos-forming minerals, which are moderately undersaturated in the
interstitial fluids, at pH 7.4, and strongly undersaturated in the acidic lysosomal
fluid compositions. In contrast, sodic zeolites are only slightly undersaturated in
the interstitial fluids, at pH 7.4. This might explain the biodurability of erionite
[Ca3K2Na2(Al10Si26O72)�30H2O], a needle-shaped zeolite which is considered to
be as toxic as asbestos (Fubini and Fenoglio 2007 and references therein).

4.5 Application of Reaction Path Modeling in Medical
Geochemistry

Up to now, there are relatively few applications of reaction path modeling in medical
geochemistry. Three examples are synthetically presented in the subsections of this
section. The reader is referred to the original sources for further details.

4.5.1 Mineral–Fluid Interaction in the Lungs: Insights
from Reaction Path Modeling by Wood et al. (2006)

Reaction path modeling was used by Wood et al. (2006) to predict the behavior of
tremolite [Ca2Mg5Si8O22(OH)2] and chrysotile in simulated lung fluids, again con-
sidering only electrolyte composition and neglecting organic ligands. As reported in
the previous section, they found that simplified lung fluid is initially undersaturated
with respect to tremolite and chrysotile and both minerals are therefore expected to
dissolve. They also noted that, if Mg2C and Ca2C ions are complexed to a significant
extent by organic species present in lung fluid, but not considered in calculations,
then undersaturation with tremolite and chrysotile would be even more important.

Reaction path modeling, in both closed and open systems, shows that chrysotile
starts to dissolve after a few days and it is completely destroyed after about 50–80
days. In contrast, significant tremolite removal begins after 1,000 days at pH 6.8
and after 100 days at pH 4.5, and its destruction is completed in 30,000 and 6,000
days, respectively. Although these times are approximated, due to uncertainties in
dissolution rates and surface areas, there is no doubt on the distinct dissolution
histories of the two considered solid phases. The larger persistence of tremolite
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compared to chrysotile, as predicted by reaction path modeling, results from both the
smaller dissolution rate constant for the neutral mechanism (by a factor of 60 to 300)
and the smaller total surface area (by a factor of 24). These findings are consistent
with the observation that the tremolite/chrysotile ratio in the lungs of humans
exposed to asbestos minerals for long periods of time is significantly higher than the
tremolite/chrysotile ratio in the initial asbestos material (Churg 1993). The reason
for this finding is subject to some debate, in that it was attributed to either quicker
dissolution of chrysotile than tremolite (see Hume and Rimstidt 1992) or faster
removal of chrysotile than tremolite by macrophages (one of the cellular defenses
to foreign particles present in the lungs), due to the different physical properties of
the two minerals (Churg et al. 1989). For the second hypothesis, the dissolution
rate of a minerals engulfed by a macrophage is expected to increase, since the
intracellular pH of a macrophage is 4.5 whereas the pH of extracellular lung fluids is
7.4 (Plumlee et al. 2006). In addition to the two hypotheses mentioned above, results
of reaction path model calculations indicate that asbestos minerals in the lungs might
not only dissolve congruently but that precipitation of secondary minerals (e.g., talc
or various Ca–Mg carbonates) might occur as asbestos minerals dissolve in lung
fluids. This is an innovative conclusion, although several aspects were not taken
into account in reaction path modeling, including kinetics of precipitation reactions
and some dissolution reactions effects of dissolved organic species, the presence of
other inorganic components in both minerals and lung fluids.

4.5.2 Geochemistry in the Lung: Reaction Path Modeling
and Experimental Examination of Rock-Forming
Minerals Under Physiologic Conditions by Taunton
et al. (2010)

Taunton et al. (2010) explored the fate of selected rock-forming minerals (chrysotile,
anorthite, K-feldspar, talc, muscovite, kaolinite, albite, and quartz) in simulated lung
fluid by means of reaction path modeling. In addition, they investigated:

(a) The dissolution of a mineral mixture, mainly constituted by brucite and
chrysotile, by means of aqueous batch experiments and X-ray diffraction (XRD)
analysis of the mineral assemblage at the end of the runs.

(b) The precipitation of Ca-phosphate minerals in the lungs through SEM and
energy dispersive X-ray analysis (EDS) of calcified pleural plaques.

The Gamble’s solution (a solution similar to blood plasma) was used in aqueous
batch experiments, which were carried out by placing the reaction vessels in a shaker
bath at 37ıC for 6 months. Then, the mineral assemblage was analyzed by XRD.

Reaction path modeling results show that rectangular particles of quartz, kaolin-
ite, muscovite, and albite with a specific surface area of 10,000 cm2/g do not dissolve
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appreciably over a 50-year interval, whereas 99% of anorthite dissolves in 5 years,
99% of K-feldspar dissolves in 12 years, and 99% of talc dissolves in 35 years.

In addition, 99% of chrysotile particles with a specific surface area of
10,000 cm2/g dissolve within 1 year approximately, and 99% of chrysotile particles
with a specific surface area of 100,000 cm2/g dissolve in approximately 1 month,
irrespective of morphology (spheres vs. rectangular prisms) and mineral masses,
corresponding to environmental (25,000 particles/mg dry lung), and occupational
(300,000 particles/mg dry lung) exposure scenarios. These predicted dissolution
times for chrysotile and talc are not significantly different from earlier results,
such as those of Hume and Rimstidt (1992) and Jurinski and Rimstidt (2001),
although they used a shrinking sphere model which does not take into account fluid
composition.

Regardless of the total surface area of chrysotile, depending on mass and
morphology, its dissolution appears to always be accompanied by precipita-
tion of huntite [CaMg3(CO3)4], talc [Mg3Si4O10(OH)2], and hydroxyapatite
[Ca5(PO4)3(OH)], with different timing and amounts of these secondary minerals.
Both huntite and talc have ephemeral existence, in that they redissolve upon
further dissolution of chrysotile, whereas hydroxyapatite persists through the
entire time span of the simulations. It must be noted that the initial simulated
lung fluid is strongly oversaturated with respect to hydroxyapatite, with a SI close
to 7. Although this SI is probably overestimated, due to the presence of organic
complexes involving Ca and P which are not considered in reaction path modeling,
it is likely that lung fluids are slightly oversaturated with respect to hydroxyapatite
(Plumlee and Ziegler 2007).

Interestingly, hydroxyapatite formed during the aqueous batch experiments and
SEM analysis of calcified pleural plaques and associated tissues revealed the
presence of various minerals, mostly calcium phosphates. The relatively large size
of these mineral grains indicates that they were precipitated in the lung, as only
inhaled particle of diameter <2 �m can reach the deepest parts of the lung (Plumlee
et al. 2006) where the calcified pleural plaques were found. This finding is consistent
with both the outcomes of reaction path modeling and the hypothesized slight
supersaturation with respect to hydroxyapatite of lung fluids. Of course, it is difficult
to understand the mechanisms controlling hydroxyapatite precipitation in different
parts of the human body, as pointed out by Taunton et al. (2010).

Reaction path modeling also shows that dissolution of Al-silicate minerals,
that is, anorthite [CaAl2(SiO4)2] and K-feldspar [KAlSi3O8], is accompanied
by precipitation of aluminum/aluminosilicate minerals such as mesolite
[Na0.667Ca0.667Al2Si3O10�2.667H2O], diaspore [AlO(OH)], and celadonite
[KMgAlSi4O10(OH)2]. This finding is of potential interest due to the association of
Al3C ion and aluminosilicate minerals with the Alzheimer’s disease, as underscored
by Taunton et al. (2010).
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4.5.3 Yttrium and Lanthanides in Human Lung Fluids,
Probing the Exposure to Atmospheric Fallout
by Censi et al. (2011)

Precipitation of phosphate minerals in interstitial lung spaces was also investigated
by Censi et al. (2011). They analyzed yttrium and lanthanides in bronchoalveolar
lavages of people exposed to volcanic dust erupted from Mount Etna in 2001 and
investigated dissolution of volcanic particulates in simulated lung fluids by means
of reaction path modeling. Through comparison of analytical data and results of re-
action path modeling, Censi et al. (2011) suggested that precipitation of phosphatic
microcrystals may take place in intra-alveolar areas of lungs (sometimes leading
to pulmonary fibrosis) due to inhalation of airborne particles and interactions with
lung fluids.

Reaction path modeling calculations were performed using the simulated lung
fluid composition of Wood et al. (2006) to which yttrium and lanthanides were
added taking into account the fast dissolution of the soluble ash fraction. Basaltic
glass was considered to be a mixture of amorphous silica and cryptocrystalline gibb-
site [AlO(OH)], whereas the rock-to-water release of other chemical components of
interest, in addition to Al and Si, was simulated adopting the DSRM (Accornero
and Marini 2008a; see above). Reaction path modeling was carried out in time
mode, using the kinetic parameters of basaltic glass (Gislason and Oelkers 2003)
and computing the geometrical surface area of ash for a spherical grain shape of
radius equal to 0.3 �m and an intra-grain porosity equal to 0.3.

Reaction path modeling indicates that dissolution of basaltic glass in simulated
lung fluids is accompanied by early precipitation of poorly crystalline silica
and a mechanical mixture of transition metal hydroxides [constituted by ferrihy-
drite, Fe(OH)2, Cr(OH)3, Mn(OH)3, Mn(OH)2, Co(OH)2, Ni(OH)2, Cu(OH)2, and
Zn(OH)2], followed by late precipitation of AlOOH, a monazite of stoichiometry
Y0.15La0.15Ce0.31Nd0.24Sm0.10Gd0.05(PO4), and hydroxyapatite.

Based on the results of this study, Censi et al. (2011) proposed the patterns of
yttrium and lanthanides in bronchoalveolar lavages as a tool to identify the human
exposure to heavy atmospheric particulate of volcanic provenance or caused by
environmental pollution.

4.6 Conclusive Remarks

Although intuitive thinking is a prerogative of the human mind and the basis of
all scientific progress, computer codes for chemical equilibrium and reaction path
modeling (as well as reaction transport modeling) may be extremely useful to
unravel the behavior of complex multicomponent, multiphase systems, such as the
theoretical analogues corresponding to different parts of the human body. However,
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the quality of the results of these codes is strictly related to the quality of their
thermodynamic and kinetic databases.

Focusing on thermodynamic databases, their implementation has been made
possible, thanks to the huge number of experimental data produced by chemists,
biochemists, geochemists, and biogeochemists during the past century. Mineral data
were compiled and reviewed by several scientists, and different internally consis-
tent thermodynamic databases were proposed (e.g., Robie et al. 1979; Helgeson
et al. 1978; Robie and Hemingway 1995; Holland and Powell 1985, 1990, 1998;
Gottschalk 1997). Nevertheless, a lot of work has still to be done, with major prob-
lems concerning clay minerals, minerals of minor and trace elements, phosphate
minerals, and sulfate minerals, as discussed by Oelkers et al. (2009).

Thermodynamic properties were determined experimentally for a limited number
of aqueous species, whereas those of aqueous species not investigated through ex-
perimental work were obtained through correlations and empirical techniques (e.g.,
Martell and Motekaitis 1988; Martell and Hancock 1996; Grenthe et al. 1997), thus
leading to the production of provisional estimates affected by varying uncertainties.
In particular, formation constants of aqueous complex species may be expressed in
terms of activity quotients or concentration quotients. Activity quotients are true
thermodynamic constants, as they are referred to zero ionic strength. Nevertheless,
they have to be extrapolated from experimental measurements, often performed
at ionic strength very far from zero, adopting a suitable strategy for computing
activity coefficients. This procedure is a possible source of uncertainty. In contrast,
concentration quotients or stoichiometric constants can be determined directly,
through suitable experiments in which a high and constant concentration of an
inert background electrolyte is added to the aqueous solution. In this way, activity
coefficients are kept constant and we do not have to worry about them. Of
course, stoichiometric constants have limited applicability, whereas thermodynamic
constants can be used universally. These or similar considerations have led chemists
and biochemists to prefer stoichiometric constants and geochemists to choose
thermodynamic constants.

It is evident that the creation of a comprehensive database, in which the data
available in the thermodynamic databases used by geochemists are merged with the
stability constants of aqueous complexes stored in the databases utilized by chemists
and biochemists, is not a simple task. This is probably one of the major obstacles
to be overcome for making equilibrium modeling and reaction path modeling a
reliable tool which can be applied to complex biological systems, considering “all”
the inorganic and organic dissolved species of interest.

At present, geochemical modeling can be performed by referring to simplified
systems, as in the examples presented in the previous sections, with great success
and encouraging results. In the present situation, geochemical models can be used
to provide a qualitative or semiquantitative description of the processes occurring in
different parts of the human body, where dissolution/precipitation processes occur.
In spite of these limitations, the experience gained by geochemists on water–rock
interaction processes can be very useful in collaborations with experts of biomedical
disciplines.
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Chapter 5
An Observation on the Composition of Urinary
Calculi: Environmental Influence

Maria Luigia Giannossi and Vito Summa

Abstract Urinary stones exist throughout the world and are considered among
the most painful medical conditions. Primary causal factors for the formation
of these stones include both biological and environmental factors. Environmental
factors are suspected to have a direct relationship to the composition of urine,
which is governed mainly by diet and drinking water composition. This is a brief
review on the influence of the environment on urinary stones formation: prevalence,
geographical distribution and composition. A pilot case study on urinary stones in
southern Italy is reported.

Keywords Urinary stones • Environmental influence • Epidemiology

5.1 Introduction

People experience their environment through a combination of physical, chemical,
biological, social, cultural and economic conditions that differ according to the
local geography, infrastructure, season, time of day and type of activity undertaken.
Clearly, the relation between human health and the environment includes numerous
complex interactions. The extent that the environment creates a hazard to human
health depends on many factors, including the degree of human exposure. Exposure
requires that people are present both at the place and at the time when the
environment changes became hazardous. Exposure thus refers to the intersection
between people and environmental hazards. Levels of exposure may range from
harmless and acceptable to dangerous and unacceptable, depending on the potential
for physical harm. Environmental hazards can lead to a wide range of health effects.
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Most important diseases are associated with more than one type of exposure, and
environmental hazards interact with genetic factors, nutrition, lifestyle hazards and
other factors in causing disease. Exposures to chemicals (and physical agents) are
typically unevenly distributed geographically and temporally. Therefore, not sur-
prisingly, disease occurrence also shows geographically varying patterns. Disease
maps can be valuable tools in risk assessment to explore changes in disease patterns
potentially associated with changes in environmental exposures.

The environmental epidemiology has an important role in the recognition of
health threats from environmental exposures and in verifying the effectiveness of
environmental remediation programmes (Nielsen and Jensen 2005). The goal of an
environmental epidemiological study is to provide assessment tools to identify the
spread of environmental health risk factors. Furthermore, such studies are essential
for providing insight into prevention and rehabilitation as well as provide additional
information on the disease. The correlations between geo-environmental factors
and some diseases are not always known or sufficiently thorough; it is the case
of urolithiasis (urinary stone formation).

5.2 Urolithiasis

Urolithiasis is a pathology of the formation of biominerals in the urinary tract and is
commonly used to refer to the formation of biominerals in the human kidney, called
kidney stones. Urinary calculi disease is one of the most common and most painful
medical problems encountered throughout the world. Studies on the mineralogy
of urinary stones and the crystallisation processes are particularly important in
order to understand the possible environmental and metabolic factors that cause
stone formation. Early studies on the urinary calculi problem have highlighted
discoveries on composition, mineralogy, structure, processes of formation and geo-
environmental factors that influence the formation of calculi (Ackermann et al.
1988; Bellizzi et al. 1999; Kohri et al. 1989).

5.2.1 Urinary Stone Types

Major chemical constituents of calculi are calcium phosphate (hydroxyapatite), cal-
cium oxalates (whewellite and weddellite) and urates (Table 5.1) (Nasir et al. 2004).

There are 11 main groups of urinary stone (Fig. 5.1). Classification takes into
consideration mineralogy, the presence of trace substances, location as well as the
etiologic factors that could be deduced from the stones’ macro- and microstructure
(Daudon et al. 1993; Giannossi and Summa 2012; Giannossi et al. 2012; Grases
et al. 1998, 2002).
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Table 5.1 Mineral components of urinary calculi

Chemical name Mineral name Chemical formula Abbreviation

Oxalates
Calcium oxalate

monohydrate
Whewellite CaC2O4• H2O COM

Calcium oxalate dihydrate Weddellite CaC2O4• 2H2O COD
Phosphates
Calcium phosphate Hydroxyapatite Ca5(PO4)3(OH) HA
Calcium hydrogen

phosphate
Brushite CaHPO4• 2H2O BR

Magnesium ammonium
phosphate hexahydrate

Struvite (NH4)Mg(PO4)• 6H2O STR

Purines
Uric acid C5H4N4O3 UA
Monosodium urate

monohydrate
NaC5H3N4O3• H2O MSU

Other
Cystine C6H12N2O4S2 CY

Fig. 5.1 Urinary stone classification scheme
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5.2.2 Environmental Influence on the Urinary Stone
Formation

Local environment influences human health. Environmental factors that can pro-
mote urolithiasis include the following: number of hot days in summer months
(Baker et al. 1993); extra sunlight exposure, which induces extra vitamin D
formation that can increase blood Ca absorption (Gunes et al. 2006); semiarid
conditions (Pendse and Singh 1986); droughts (Bond et al. 2008); water hardness
(Sierakowski et al. 1979); fluoride in groundwater (Singh et al. 2001); and elevated
sodium intake (Massey 2005). In recent decades, the cause of increased incidence
of this disease has been closely tied to changes in lifestyle, industrialisation and
changes in diet patterns. These recent changes in environmental factors have been
related to the deficiency of fibre in diet; excessive intake of animal protein, calcium
and salt; hot and dry weather; alcohol consumption (Holmes et al. 2001); lack of
physical activity and exercise; and low-potassium diet (Gupta and Kesarwani 2002).
These changes have been found to be most pronounced in people between the ages
of 20 and 50 years old, males and people with family history of this disease (Holmes
et al. 2001).

Among the public perceptions about environmental causative factors, hardness
of water is strongly thought to be related. Previous studies show negative as well
as positive correlations to stone formation with hardness of drinking water. The
ratio of Mg and Ca has also shown contrasting relations to urolithiasis (Kohri et al.
1989, 1993). Negative correlations have revealed the importance of intake of Ca for
the excretion of excess oxalates (Ackermann et al. 1988; Candarella et al. 1998;
Guttenbrunner et al. 1989; Marangella et al. 1996; Rodgers 1997, 1998; Sommariva
et al. 1987). Ingestion of excess fluoride seems to facilitate stone formation. This
has been shown in studies on calcium oxalate crystalluria and formation of bladder
stones in rats (Anasuya 1982). Influence of other elements apart from Ca, Mg,
phosphates and oxalates has not been extensively studied, though determination of
element impurities in stones has shown that Cr, Fe and Zn collect in oxalates and Sr,
Rb, I and Pb in phosphate stones (Kadurin 1998).

Many epidemiological studies have recorded a geographic variability in the
prevalence of stone disease (Chen et al. 2000; Hesse et al. 2003; Komatina 2004;
Lee et al. 2002). It has been postulated that this variability may be due to variations
in climate and sun exposure, although others have questioned the role of diet and
water quality as well. The most convincing evidence to date has demonstrated that
temperature and sun exposure play important roles in the geographic variability of
stone disease. It is verified that individuals living in hot climates have an increased
lifetime prevalence of stone disease. The only factor that has a greater effect on
stone disease is dehydration. Further, individuals living in areas with increased sun
exposure are likely to have absorptive hypercalciuria secondary to elevated vitamin
D synthesis (Curhan and Curhan 1994; Parry and Lister 1975; Robertson et al.
1974, 1975).
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Similar to geographical location, a person’s occupation may influence their risk
for urolithiasis (Borghi et al. 1993; Ferrie and Scott 1984; Zheng et al. 2002). As
warm climates seem to predispose a person to stone formation, so do occupations
involved with warm working environments. However, the situation of occupation is
independent of the effects of sun exposure and vitamin D synthesis.

Nutritional factors may cause stone formation or exaggerate metabolic risk
factors (Borghi et al. 2002; Curhan et al. 1993, 1997b; Goldfarb et al. 2005).
Strenuous physical exercise or excessive sweating in a hot climate may enhance
stone formation altering urine composition, including changed urinary pH and
hypocitraturia. A high sodium intake can increase hypercalciuria and lower urinary
citrate concentrations (Kleeman et al. 1964; McCarron et al. 1981; Phillips and
Cooke 1967). A diet rich in animal protein may result in increased urinary uric acid
and calcium concentrations and lower citrate concentrations (Breslau et al. 1988;
Robertson et al. 1979). The stone-forming risk of dietary calcium is dependent of
the disease condition and the dietary oxalate intake. Idiopathic hypercalciuria is an
important and common risk factor for the formation of stones, and uncontrolled
hypercalciuria is a cause of recurrences. Thiazides can reduce urinary calcium
excretion, but since calcium excretion depends in part on diet, initial attempts to
decrease hypercalciuria should involve dietary modification. Since most patients
with hypercalciuria have intestinal hyperabsorption of calcium, it is common
clinical practice to recommend a low-calcium diet. However, there are no long-
term data on the efficacy of this approach (Broadus et al. 1984; Coe and Kavalach
1974; Coe et al. 1992; Pak et al. 1980; Strauss et al. 1982; Yendt and Cohanim
1978). Short-term studies have shown that a low calcium intake significantly reduces
urinary calcium excretion but can cause a deficiency of calcium and an increase in
urinary oxalate (Epstein 1968; Marshall et al. 1972).

5.3 Urolithiasis Project in Southern Italy

5.3.1 Background of the Study

Urinary stone disease varies in frequency and stone type between different climates
and geological features. Understanding the epidemiology of stone disease is
important to determine the significance of the disease at a community level, the
associations and risk factors for individuals and the likelihood of stone recurrence.
This section attempts to describe the epidemiology of urinary stone disease in-
cluding its association and risk factors. Most previous studies have focused on the
country scale; however, this present study focuses on a much smaller study area in
the Basilicata region in southern Italy. The intent of this study is to account for the
various environmental factors and conditions responsible for genesis of urolithiasis
among the local population (Giannossi 2010a, b).
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5.3.2 Materials and Methods

Data from 3 years between 2003 and 2005 were collected to relate temporal
changes in urolithiasis to gender and age group. Urinary stones data was provided
by the main hospital of the region, whereas climatic data, water/soil quality data
and urolithiasis data were acquired from different regional agencies. Analyses
performed in this study were made by use of logistic and multinomial logistic
regression. For assessing the prevalence of urolithiasis across demographic char-
acteristics, we performed logistic regressions for each potential risk factor. This
approach produced odds ratios (ORs), which indicate the odds that members of a
given social group (e.g. exposed to a potential risk factor) would report urolithiasis,
relative to a reference group (e.g. nonexposed).

5.3.2.1 Epidemiological Data Collection

The data referred to for the epidemiological analysis were taken from the Basilicata
Regional Authority, more specifically from the Department for Health, Safety and
Social Solidarity (Basilicata web site). The privacy of the patients was maintained.
This study included Basilicata residents (population � 597,000) that were hospi-
talised for urolithiasis both in the region and in hospitals outside the area between
2003 and 2005. When using the regional dataset, a variety of surrogate markers
were used to estimate stone prevalence, including hospital discharges, physician
office visits, emergency room visits, procedures related to a primary diagnosis of
stone disease or a self-reported history of stones (Pearle et al. 2007; Saigal et al.
2005). All of these surrogates are compromised in that they likely underestimate
the prevalence of disease either because a patient may pass a stone without
requiring any health-care resources, because a patient may report a history of stones
based on unsubstantiated symptoms or not report a history of stones because a
stone was never collected despite classic symptoms of renal colic. We assumed
that hospitalisation rates tally with stone incidence rates; the prompt character
of this study underestimates the real kidney disease prevalence because only the
hospitalised cases of urinary stones were included, which does not influence the
distribution prevalence. The records of the Basilicata resident patients hospitalised
for urolithiasis in the region and outside the area between 1 January 2003 and 31
December 2005 were taken as targets. The data obtained included patients’ personal
details such as age, gender and address. Population affected by stones was also
compared to a control population; that is to say, the Basilicata resident population
(293,220 men and 303,569 women) was grouped together according to the age.

In Basilicata, there are 131 municipal areas; the main towns are Potenza and
Matera, with 69,295 and 57,075 residents, respectively. Data on the number of
Basilicata resident patients could only be obtained from specific databases of the
regional population (ISTAT website). A “resident” was defined as a person who was
registered as having lived within the regional boundaries during the year preceding
the stone episode. The cases were separated according to their town residence, year
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of hospitalisation, gender and age group (0–19, 20–29, 30–39, 40–49, 50–59, 60–69,
�70 years old).

The numerical data were manipulated and analysed with standard statistical
methods (Mendenhall 1967) and a software for epidemiologic statistics (OPENEPI
2.2.1). The annual incidence was calculated as the estimated number of new
lithiasis cases out of 100 inhabitants for each annual survey. Urolithiasis prevalence
percentage was age-adjusted through direct standardisation, using a standard town
population.

5.3.2.2 Urinary Stone Data Collection

All the patients hospitalised for urolithiasis at the San Carlo Hospital (the main
medical facility in Basilicata) during the study period were selected as donors and
involved in this study. We collected more than 200 urinary stones either expelled
or extracted surgically. In order to avoid a selection bias, more than one stone from
the same patient was studied, and an average composition was assigned. The stones
were first fragmented and then observed to establish their original form and internal
structure.

All the urinary stones collected were dried in a desiccator at room temperature
for 2 weeks; then, the dry samples were photographed. Optical observations were
carried out with a stereomicroscope to determine colour, shape, overall appearance,
surface features and any possible occurrence of crystalline layer and/or organic
matter on the surface. Attention was directed at identifying the site on the kidney
wall where the stone is attached. Half of the sample was used for X-ray diffraction
(XRD) analysis. Urinary stones were crushed in an agate mortar in order to obtain
a fine mesh powder for X-ray diffraction, so as to obtain the crystalline phase
composition of the urinary stones.

5.3.2.3 Climatic Data

Surface weather station data (Fig. 5.2) for each municipality was procured from
ALSIA Agency – agro-climatic automatic stations belonging to the project “Anal-
ysis of climatological and implementation of a system for returning meteorological
data in a grid format for Basilicata” (Stelluti and Rana 2004). The weather station
provided major climate parameters, including as mean annual temperature data,
sunlight index and altitude.

5.3.2.4 Soil/Water Data

The chemical analysis data of groundwater samples from the study area was
obtained from the Groundwater Survey Authority (Acquedotto Lucano spa). These
data were used to estimate correlations between urolithiasis and groundwater
hardness. Because people residing in the study area also drink bottled water, the
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°C

Potenza
Matera

Fig. 5.2 Distribution of the average annual temperatures

chemistry of the major types of bottled water was also considered in the analysis.
The calcium and magnesium content of the water was used to estimate the hardness
of the water, expressed in units of milligrams of calcium carbonate CaCO3 in a
litre of water. The unit of measure more used is the French degree (ıf), which
corresponds to 10 mg/L of CaCO3. Based on the most common classification of
hardness, the classes of water were soft water (hardness <15ıf), average hardness
(hardness between 15ı and 30ıf) and hard (with hardness >30ıf) (Limits of law
D.Lgs. 31/2001). The hardness values of the waters are presented in Fig. 5.3.

Basilicata is divided into areas with different soil properties, classified on
macroscale and named soil regions (DASREM 2006). There are five different
classes of soil types (Fig. 5.4) accounting for differences in geology and lithology.
It was anticipated that different soil properties would influence the tendency for the
development of urinary stones. In addition to being aware of regional soil properties,
it is also important to understand the relationship between soils that through
agriculture produce foods that are consumed locally. This information may also be
useful to justify the origin of some chemical elements that could reach the humans
(food and water), causing various kinds of diseases (Barberis 1996; Felici 2005).
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Fig. 5.3 Distribution of drinking water hardness

5.4 Results and Discussion

After processing the climatic and geochemical data with respect to urolithiasis
epidemics observed in study area, it is understood that there is a correlation
between the environment and urolithiasis epidemics. Prior to that, in the study of
epidemiological parameters of urolithiasis, it was demonstrated that year, gender
distribution and age group distribution were correlated to prevalence of this disease.

5.4.1 Prevalence of Urolithiasis and Impact of Age and Gender

The data indicated that 3,876 persons out of the total Basilicata resident population
(�597,000) reported urinary stones. The lifetime prevalence of urolithiasis among
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Fig. 5.4 Pedological areas in Basilicata

Table 5.2 Urolithiasis
prevalence in Basilicata

Group Control population ( %) Prevalence n ( ‰)

Male 293,220(49.13) 2,089 (7.12)
Female 303,569 (50.87) 1,787 (5.89)
Age group
0–19 126,319 (21.17) 152 (1.20)
20–29 82,212 (13.78) 385 (4.68)
30–39 91,023 (15.25) 619 (6.80)
40–49 83,982 (14.07) 758 (9.03)
50–59 69,044 (11.57) 691 (10.01)
60–69 61,820 (10.36) 598 (9.67)
>70 82,389 (13.81) 673 (8.17)

596,789 (100) 3,876 (6.49)

them (Table 5.2) was 6.49% (SD ˙ 3). The prevalence of urolithiasis increased with
age. Table 5.2 lists the distribution of the prevalence of urolithiasis according to age
groups.

Unfortunately, very few databases on the prevalence of urolithiasis in Italy have
been published up to now (Baggio 1999; Bellizzi et al. 1999; Borghi et al. 1990,
2006; Ramello et al. 2000; Serio and Fraioli 1999). To our knowledge, this is the
first epidemiological study of urolithiasis prevalence in Basilicata.
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Table 5.3 Annual prevalence of urinary stone for 1,000 inhabitants: age and gender difference

2003 2004 2005

Age n. tot ‘03 Men Women n. tot ‘04 Men Women n. tot ‘05 Men Women

0–19 0.47 0.41 0.52 0.33 0.26 0.41 0.40 0.29 0.52
20–29 1.73 1.86 1.59 1.63 1.50 1.76 1.33 0.98 1.69
30–39 2.34 2.56 2.12 2.24 2.12 2.36 2.22 2.43 2.01
40–49 2.93 3.34 2.52 3.11 3.87 2.35 2.99 3.46 2.52
50–59 3.48 3.89 3.07 3.36 3.92 2.81 3.17 4.06 2.30
60–69 3.49 4.00 3.04 3.35 4.00 2.76 2.83 3.35 2.37
>70 2.95 3.54 2.51 2.35 2.85 1.99 2.86 3.14 2.66

2.28 2.51 2.05 2.13 2.35 1.92 2.08 2.26 1.91

The lifetime prevalence of urolithiasis in the inhabitants of Basilicata was 6.49%
with a higher rate in men (7.12%) than in women (5.89%). This difference is
statistically significant (p < 0:01). The relative risk for men was 1.2 times the
relative risk for women, which means that the probability of developing lithiasis is
20% greater in men. This result is consistent with that reported by Serio and Fraioli
1999, who calculated this ratio to be 1.25, and Borghi et al. 1990, who calculated
this ratio to be 1.5, but it was significantly lower than what the proceedings of
the Consensus Conference 4 (1988), which was a ratio of 4.0. Given the different
features of the population involved, the large number of assessment methods and
the many definitions of urolithiasis, the studies were difficult to compare. In light of
these inconsistent definitions, varying populations and varying assessment methods,
it is understandable that many problems exist in epidemiological studies.

In 2003, the annual incidence of urolithiasis was higher than in any other year
studied. The distribution of urolithiasis was 54% for men and 46% for women
between 2003 and 2005. The average annual incidence of new stone formations
was 2.16 per 1,000 inhabitants. This rate was calculated for new cases occurring
between January 2003 and December 2005.

The frequency of new stone formations was found to be higher among men than
women in the three-year survey. The average annual incidence was 2.37 out of
1,000 inhabitants in the male group and 1.96 per 1,000 inhabitants in the female
one (Table 5.3). The incidence was found to be lower in small boys than small girls
(<19) but 1.2 times higher among 19- to 59-year-old adults and 1.5 times higher in
men than women among the elderly (>60). These are large differences, given that
the male to female population ratio in those age groups is 1:1.

The correlations between urolithiasis and age and male to female ratio were
calculated. The test was performed with several different age groups (greater than 40
years, 30–59 years and 40–59 years) based on the results of urolithiasis prevalence,
especially among adults. The two determinants (male gender and age at risk) were
then combined (Table 5.3).

The disease prevalence rate found in subjects over the age of 19 was 7.91‰; this
did not match Borghi’s findings (Borghi et al. 1990) (5.3 up to 6.1% in northern
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Italy). This inconsistency was due to a problem of standardisation given that the
distribution of age in southern Italy differed from the north.

From all the studies made, it can be inferred that urinary stone disease is relatively
rare in children from developed countries where the prevalence ranges from 2 up to
2.7% (Borghi et al. 1990; Vahlensieck et al. 1982). It is therefore easy to understand
why authors have studied subjects over the age of 19 only (Borghi et al. 1990; Serio
and Fraioli 1999; Stamatelou et al. 2003; Trinchieri et al. 2000). The prevalence
of urolithiasis in Basilicata children was very low (1.2‰). The prevalence of
urolithiasis increased with age both in men and women, which was consistent with
the findings reported by other authors (Ljunghall and Hedstrand 1975; Robertson
et al. 1984).

Table 5.4 shows the odds ratios obtained by the association and the probability
as a value p, which indicates how likely is it that the association seen is due to
chance. There is a positive association between factor and disease, which becomes
significant when combined with multiple parameters. In all cases, the regression or
multiple regressions were significant, indicating that there is a low chance that the
observed results were due to chance.

5.4.2 Prevalence of Urolithiasis

The Basilicata region was divided into five local health centres (ASL) to which
municipal areas were assigned according to territorial principles. After a direct
standardisation, prevalence was found to be higher in the ASL n. 2, 1 e 5, in
decreasing order, also considering a high standard deviation (SD ˙ 3) (Fig. 5.5).
Prevalence ratio of male to female occurrence, at this detailed scale, is remarkably
increased compared to the average regional prevalence ratio (6.49‰).

For each town, the standardised prevalence rate was calculated (Fig. 5.6). The
values of the rates calculated exceeded the average regional index up to >12‰.
The towns with a higher prevalence appeared to be distributed especially in the
north-western area of the region.

Whether there is a correlation between the size of the town residence and the
prevalence of stone disease was considered. The prevalence in towns with less than
5,000 inhabitants was 2.3‰, in those with more than 5,000 was 2.11‰, in Potenza
3.25‰ and in Matera 1.10‰. When the results were standardised to account for
age, the larger towns appeared to have more stone diseases.

The correlation between the size of the town residence and the prevalence of
stone disease is important. Bigger towns had a higher prevalence; this implies a close
connection with the higher prevalence of urolithiasis found in the 40–60 age group
to which commuters belonged. There is a higher occurrence of females and elderly
in small villages. Moreover, it is here that the traditional lifestyles are handed down.

The population involved was divided into two areas (the northern Apennine
Basilicata zone and the southern Basilicata Bradanic Foredeep) on the basis of
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Table 5.4 Relation between some potential risk factors and urolithiasis

Risk factors Total no. No. of cases
Odds ratio (95%
confidence interval) p value

Age group (years)
30–59 241;982 2;068 1.67 0.01
40–59 151;577 1;449 1.74 0.01
30–59 years C male gender 120;564 1;175 1.84 0.01
30–59 years C female gender 121;417 893 1.48 0.01
40–59 years C male gender 75;238 850 1.98 0.01
40–59 years C female gender 76;340 599 1.49 0.01
Mean annual temperature (ıC)
>13 326;661 1;826 0.73 0.01
>13 C male gender 160;805 974 0.71 0.01
>13 C female gender 165;856 852 0.74 0.01
>13 C 40–59 years 41;006 410 0.78 0.01
>13 C 40–59 years C male

gender
21;156 225 0.78 0.01

High altitude (m a.s.l.)
>600 191;694 1;600 1.51 0.01
>600 C male gender 93;493 866 1.53 0.01
>600 C female gender 98;200 734 1.49 0.01
>600 C 40–59 years 69;787 787 1.39 0.01
>600 C 40–59 years C male

gender
34;767 465 1.41 0.01

Water hardness (ıf )
>22.5 32;422 240 1.27 0.01
>30 8;430 67 1.60 0.05
>30 C male gender 9;294 108 1.80 0.01
>30 C female gender 9;987 90 1.29 0.01
>30 C 40–59 years 8;026 64 0.99 1
>30 C 40–59 years C male

gender
4;001 40 1.22 0.6

geological environmental and climatic features. Municipal areas were assigned
to the above-mentioned areas according to geographic-geological proximity and
climatic similarity. The prevalence of urolithiasis varied considerably depending on
geographic and geological characteristics. The prevalence rate of urolithiasis was
significantly higher in the northern Apennine Basilicata zone and tended to decrease
in the southern Basilicata Bradanic Foredeep. This observation may be explained
by differences in local environmental features, such as temperature, altitude, solar
radiation, water, soil quality and residents’ lifestyle (Ackermann et al. 1988; Borghi
et al. 1996; Candarella et al. 1998; Curhan et al. 1993, 1994, 1997a, b; Felici 2005;
Goldfarb et al. 2005; Hesse et al. 2003; Komatina 2004; Parry and Lister 1975;
Rodgers 1997; Shuster et al. 1985; Strauss et al. 1982).
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Fig. 5.5 Average
hospitalisation rate (TO)
in 5 Basilicata local health
centres (ASL)

5.4.3 Typical Types of Uroliths and Their Geographical
Distribution

The results in Table 5.5 show that 66% of the urinary stones studied were composed
of calcium oxalates (38% formed by calcium oxalate monohydrate (CaC2O4�H2O),
whewellite, and 28% present in major quantity the dihydrate form of calcium
oxalate (CaC2O4�2H2O), weddellite). The calcium oxalates were not pure since
trace quantity of other components (organic and inorganic) could be observed. The
other 34% was composed of different phases, such as uric acid (C5H4N4O3) (15%),
magnesium phosphates (struvite (MgNH4�PO4�6H2O) 6%), hydroxyapatite (13%)
and cystine (C6H12N2O4S2) (1%).

Thirty-two percent of the stones were found to be multi-composed: weddellite
plus hydroxyapatite, weddellite plus struvite and whewellite plus uric acid. During
the mineralogical analysis, we recognised in 6% of the total stones analysed the
presence of a new mineralogical assemblage, consisting of weddellite plus struvite
(Giannossi and Summa 2012; Giannossi et al. 2012), which was not included in the
classification presented by Grases et al. (1998, 2002).

The distribution of the eight groups of stones is different if we compare the
urinary stones expelled by men and women. The latter are more likely to form
struvite and whewellite. Men are more prone to uric acid and weddellite. The
whewellite papillary stones have a similar frequency in both groups. The new
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Fig. 5.6 Distribution of the specific prevalence rate between 2003 and 2005

type – COD C STR – is more common in men. Age also influences the stone type.
Young people aged under 30 years are much more frequently COD stones, whereas
the population with an age greater than 60 had uric acid. The whewellite papillary
stones are more common in adulthood.

Each sample was associated with the patient’s residence in one of the 131
municipalities in the Basilicata territory. To identify possible areas of increased
production of urinary stones, the samples were mapped by assimilating the sampling
point with the residence of patients. The stones composed primarily of oxalates
had a wide distribution. Stones composed of struvite were concentrated in southern
Basilicata. The uric acid stones, which are plentiful in the region, were especially
concentrated in the Apennine northern part of the region.
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Table 5.5 Urinary stones
percentage distribution
in Basilicata

Type of urinary stone
Basilicata region
(Italy) (%)

Calcium oxalates 59

COM papillary 11

COM on cavity 19

COD 29

COD C HAP 6

Pure calcium phosphates 0

Hydroxyapatite 0

Brushite 0

Struvite 4

Uric acid 18

COM C uric acid 6

Cystine 1

New types (COD C STR) 6

5.4.4 Prevalence of Urolithiasis and Risk Factors

5.4.4.1 Climate and Season

Among the environmental risk factors, the first to be evaluated is the average
annual temperatures. Based on the distribution of average annual temperatures,
it is possible to assert that the oriented distribution is obvious, from the north-
west towards south-east, of the Basilicata Apennines, characterised by low average
annual temperatures, especially near the highest mountains, like Mt. Volturino, Mt.
Stringi and Pollino (9–11ıC). The warmer zones are, instead, those at sea level,
above the Metaponto plain, overlooking the Ionian Sea (15.5–15.8ıC). The zones
with intermediate temperatures correspond to the Fossa Pre-Murgiana, neighbour
with the Puglia, and that one to north of the Mt. Vulture, with the initial portion of
the basin Ofanto (14.0–15.0ıC).

To our knowledge, there does not exist in the literature a critical regional
temperature that identifies geographical regions that are at risk for promoting
dehydration. On the basis of regional values, the range of higher temperature was
taken into account, and on this data, the calculation of the association between
urolithiasis prevalence and high temperatures has been imprinted. The calculation
was then repeated for other temperature ranges gradually lower. In light of these
examinations, the range of T > 13ıC has been taken into account which is the
temperature that exposes to a greater risk of developing urinary stones, including
in the calculation all the moderated zones at sea level and areas intermediate. The
calculations of odds ratio yielded the following results (Table 5.4). It is observed
that for up to a temperature of 13ıC, there is no association between the exposure
and the disease, even when they are evaluated together with other risk factors. Since
the value of odds ratio is less than 1, the exposure in question is not to be considered
as a risk factor but rather as a protective factor.
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The highest mountains of the region recorded the lowest average annual tem-
peratures. The elevation, and the temperatures can be related to the development of
urinary stones. Also in this case, there does not exist a bibliographic reference about
the maximum altitude beyond which a greater risk is recorded. The correlation was
therefore calculated for different intervals, until we find a positive association with
urolithiasis and altitudes above 600 m a.s.l. (Table 5.4).

Season is an important factor in the disease. In this study, spring is the season
that most patients are referred to the hospital with symptoms related to urinary
stones. In a review conducted by Borghi et al. (1999), instead, most patients had
been referred to therapeutic centres during or immediately after a hot season. This
result confirms the previous data on the need to consider the high temperatures of
the summer months a protective factor rather than risk. In this case, the number of
disease increases during the winter.

5.4.4.2 Dietary Habits and Lifestyle

By analysing the patients’ personal information, the physical predisposition to
urolithiasis could also be assessed, and it was seen that both obese people and those
who are overweight (based on the value of body mass index) are more affected by
urolithiasis.

The most significant socio-economic information given by the patients (type
of work, sport activity) and their medical histories (personal and family medical
history, dietary habits) showed no clear evidence for heredity as a factor of the
disease or a clear link with other diseases. Excessive sweating and insufficient
physical activity are common features among patients, and most patients had already
suffered from stones (high percentage of recidivism). This is statistically significant
(p < 0:01).

Struvite stones were expelled exclusively by females (age > 55 years), who are
historically speaking more susceptible to this type of stones. The only cystine stone
found belongs to a 47-year-old woman. The development of these stones is mainly
related to hypercystinuria which is due to genetic features, as in this case, which
shows a genetic predisposition to the disease.

An abundance of uric acid stones could be observed only in male patients (86%
of cases). The most determinant risk factor for the crystallisation of uric acid is the
presence of a strongly acidic environment (pH < 5.5) in which uric acid crystals
cannot dissolve (Ferrari and Bonny 2004). In fact, acidic urinary pH decreases uric
acid solubility and consequently favours crystallisation of uric acid.

All these factors, together with hyperuricosuria are strictly connected to dietary
habits and the type of water ingested. An excessive intake of animal proteins
(Anderson 1972; Drach 1978; Park and Coe 1994; Robertson and Peacaock 1982)
was found in overweight patients who also showed high alcohol consumption
(Schlesinger 2005). The lack of soft drink intake as well as the use of weakly
bicarbonate water (bottled or not) does not promote sufficient urine alkalinisation
that is necessary to dissolve uric acid crystals, which are the easiest type of stones
to prevent and treat because they are easily soluble in vivo.
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For calcium oxalate stones, the focus has been placed on the potential sources of
oxalate. Some of these are produced directly by the human body, and the amount
produced is directly proportional to body weight (Massey 2003). A direct relation
between diets rich in oxalates and hyperoxaluria is well known (Brinkley et al. 1990;
De Mendonca et al. 2003).

An increased intake of mineral waters causing an increases of pH seems to be
associated with oxalate stones mixed with percentages of phosphates. For all the
cases reported, there is a low consumption of liquid, which does not reach 2 L/day,
to ensure a high urinary volume (Chang and Goldfarb 2004; Goldfarb 1988, 1990;
Siener and Hesse 2003; Tucak et al. 2000; Vitale et al. 1996). Among people with
calcium oxalate stones, there is an average excess body mass especially in cases of
whewellite stones formed in kidney cavities.

5.4.4.3 Water Quality

Among the risk factors related to eating habits, the assumption of the liquids and
in particular of the water re-enters. From the literature, data showed that there is a
dispute between those who suggest the use of water rich in calcium and who advise
against it in the urolithiasis cases.

Assuming that the consumption of soft water just helps prevent the development
of urinary stones, the hardness of water was evaluated as a risk factor.

For the calculation at the regional level we assume a risk from a hardness
greater than 30ıf, but the association has been evaluated also for a risk equal to
a hardness greater at 22.5ıf, intermediate between the values corresponding to
medium hardness.

In Basilicata, in the light of these data, it is possible to hypothesise that con-
sumption of this water rich in calcium helps the further development of urolithiasis.
Unfortunately, as can be seen from the Table 5.4, some values of odds ratio are not
statistically significant due to the small number of cases registered.

5.4.4.4 Soil Quality

Based on the distribution of prevalence rates in the region, which indicate a greater
spread of the disease in Apennines areas, the calculation of odds ratio was made
considering at risk the residence in pedological regions with Apennines soil.

For the study, the prevalence of urolithiasis in Apennines soil, areas located at
altitudes above 1,000 m, was compared to other areas, in the south-western part,
divided by climatic aspects. The values of odds ratios showed a positive association
between the prevalence of urolithiasis and Apennine soil; however, the values
obtained are not considered statistically significant (p < 0.1).

The association is in any case present but not directly related to the different
types of soil but related to the boundary variables such as climate, morphology and
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altitude, which regulate the pedogenetic processes. It is these factors that determine
the power of the association. Our hypothesis was that some chemical elements of
the soil, through plants, could enter in the food chain and then in the human body by
influencing the development of kidney stones. This does not occur because residents
said they did not consume crops grown on these soils.

5.5 Conclusion

The geographic epidemiological survey showed the regional urolithiasis distribu-
tion (6.49% on average) and the areas particularly at risk due to demographic,
environmental and behavioural factors. The municipalities with a prevalence of
urinary stones are distributed in the central north-western region (Apennine area).
Low temperatures, high altitude, low solar radiation and some soil characteristics
are some of the risk factors which could explain the prevalence found, all of them
influencing the Basilicata inhabitants’ lifestyle.

This study underestimated real urinary disease prevalence, but for the aim of
the study it was only necessary to verify a difference in the prevalence index of
urolithiasis and also verify the environmental impact on the distribution of the
pathology in the Basilicata towns. This simple study was meant to gain more
information about the prevalence of lithiasis in a particular region of southern Italy
such as Basilicata. This epidemiological survey helps to extend our knowledge of
the distribution of this disease in our population, facilitating an estimation of its
impact on society so as to improve prevention projects.

5.6 Concluding Remark

Geochemical and mineralogical investigations are providing important contributions
to help understand the nature of the environmental risk factors to which affected
populations have been exposed.

Rapid growth in the field of medical geochemistry is predicted, as it is a discipline
that will continue to make valuable contributions to the study of epidemiology and
public health, providing a dialogue among geochemists, mineralogists, epidemiolo-
gists, clinicians and medical doctors.
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Chapter 6
Magnetite Minerals in the Human Brain:
What Is Their Role?

Pierpaolo Zuddas, D. Faivre, and J.R. Duhamel

Abstract Although it has long been known that magnetite (Fe3O4) can be formed
biochemically by bacteria, protists, and a variety of living organisms, it is only in
the past 20 years that magnetite has discovered to be present in the human brain.
Researchers have documented the presence of magnetite nanocrystals in the human
brain using magnetometric methods and transmission electron microscopy.

To understand the mechanism behind the formation of magnetite nanocrystals in
the human brain, we have chosen to take a transdisciplinary approach associating
studies of magnetite biomineralization in other species and geochemical research.

Although the exact role of magnetite nanocrystals on human cerebral physiology
has yet to be determined, we suspect that it plays a significant role in the nervous
system.

Keywords Brain magnetic nanominerals • Human nervous system • Biomagnetite

6.1 Introduction

Throughout the past 30 years, biologists and geochemists have carried out extensive
research on organisms that have the ability to produce the ferromagnetic mineral
magnetite. Magnetite is a mix of iron (II, III) oxide, Fe3O4, and is one of the
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principal magnetic iron ores. Known since antiquity, magnetite was believed to
have a purely inorganic origin resulting from magmatic or metamorphic events. The
discovery of minerals formed by biological organisms (biominerals) with ferromag-
netic properties and identification of biological magnetite was the first breakthrough
toward an understanding of why some animals have the ability to detect the Earth’s
magnetic field. Small magnetite crystals are indeed found in many living organisms:
bacteria, mollusks, arthropods, etc. All these organisms have evolved the ability to
capture iron from their surroundings and convert it to magnetite.

The search for biogenic magnetite in human tissue was inconclusive until the
early 1990s when magnetite crystals were found in human brain tissue extracted
from the cerebral cortex, cerebellum, and meninges (membranes surrounding the
brain and spinal cord), thanks to high-resolution transmission electron microscopy
and electron diffraction (Kirschvink et al. 1992). We do not know how or why
nanometer size crystals of magnetite form in the human brain, but formation mech-
anisms can be tentatively deduced using our knowledge on magnetite nanocrystals
formed by magnetotactic bacteria (MTB).

MTB, also called biological magnets, are bacteria capable of moving along a
magnetic field, including the Earth’s magnetic field. Prokaryotic organelles present
in magnetotactic bacteria are called magnetosomes. They are specialized organelles
synthesized by MTB for geomagnetic navigation in their aquatic habitats. Recent
studies suggest that these bacteria possess at least 30 genes involved in this process.
We also know that fish, birds, and other species such as bats accumulate iron
present in their environment and convert it into magnetite. Magnetite magnetosomes
present in animal brains orient themselves according to the magnetic field and are
responsible for the animal’s capacity to locate itself spatially.

In this chapter, we documented the presence of magnetite crystals in the human
brain and analyzed the possible reasons for their formation. Magnetite crystal forma-
tion is of interest for neurobiologists as it could be implicated in neurodegenerative
and neoplastic diseases (Dobson and Grassi 1996; Dobson 2001; Hautot et al.
2007; Kobayashi et al. 1997). Sensitivity to magnetic fields is probably not the
only role played by magnetite, which may also be responsible for transmitting
magnetosome polarity in species over their long evolutionary path (Nanney 1985;
Hedges 1985). This is the first evidence of nongenetically transmitted heredity. We
could hypothesize that information fixation may be possible in biomagnetite in the
absence of DNA (Banaclocha et al. 2010). Magnetite crystals present in the brain
could be a component of evolutionary mechanisms designed to detect and transduce
magnetic fields generated inside the cerebral neocortex.

6.2 Presence of Magnetite in the Human Brain

Biomagnetite has long been observed in bacteria, insects, birds, and marine fish, but
it is only in the past 20 years that we have discovered biomagnetite in the human
brain. Twenty years ago, Kirschvink et al. (1992) observed the presence of magnetite
in human brain tissue when they analyzed postmortem human tissue samples from
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patients between 48 and 88 years of age. Out of a total of 48 patients, 4 were
suspected to have Alzheimer disease. Kirschvink et al. (1992) initially measured
the emitted magnetic field using SQUID (superconducting quantum interference
device), a magnetometer able to detect very weak magnetic fields. Brain tissue was
sampled either by frozen fracture or dissection and put in a sterile vessel. Kirschvink
and his team found that all the samples presented remnant isothermal magnetization
(IRMs), saturating at about 300 mT, i.e., the characteristic value for magnetite. They
estimated an equivalent of 4 ng of magnetite per gram of tissue, while the average
values for the meninges from three of the sampled brains were 20 times higher. No
significant differences were found between “normal brain” tissue and tissue from
patients with suspected or confirmed Alzheimer disease. Using IRM (isothermal
remnant magnetization), they found that magnetite particles were concentrated in
small areas. Magnetite crystals were found in human brain tissue extracts from the
cerebral cortex, cerebellum, and meninges (membranes surrounding the brain and
spinal cord). Using high-resolution transmission electron microscopy (TEM) and
electron diffraction, they indentified the presence of magnetite-maghemite crystals
with an average size of 30 nm.

Observations showed that magnetite crystals were organized into linear,
membrane-bound chains of a few micrometers in length, with up to 80 crystals per
chain. Furthermore, each individual crystal’s f111g was aligned along the length of
the chain axis. This particular crystallographic direction corresponds to the “easiest”
direction of magnetization. The f111g crystal alignment has been interpreted as a
biological mechanism for maximizing the magnetic momentum per particle, as
the f111g direction yields approximately 3% higher saturation magnetization than
do other crystallographic directions of magnetite crystals. The shape of magnetite
particles found in the human brain does not correspond to the usual octahedral
morphological habitus of common crystals formed under geological conditions.

Magnetite crystals in the human brain appear to have a single magnetic domain,
which means that they are uniformly and stably magnetized with the maximum
magnetic momentum per unit volume possible for magnetite. Elemental analysis, by
energy-dispersive X-ray analysis, electron diffraction patterns, and high-resolution
transmission electron microscopy lattice images indicate that many of the particles
were structurally well ordered and single domain, suggesting a precise biological
control mechanism in the formation of this biomagnetite (Fig. 6.1).

6.3 Magnetite Nanocrystals Under Earth Surface Conditions

If in the past magnetite was believed to form under magmatic conditions at
high temperatures and pressure, we now know that nanometer size magnetite
crystals may form both inorganically under low-temperature conditions and/or in
biological-controlled media. Inorganic magnetite crystals can be formed under
natural sedimentary conditions and may resemble the biogenic ones formed by
bacteria. In fact, inorganic magnetite nanocrystals can form at low temperatures
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Fig. 6.1 (a) Magnetite crystals under low magnification, (b) transmission electron microscope
image of a magnetite crystal from a human brain (From Kirschvink et al. 1992)

in aqueous media under relatively high iron concentrations and pH, i.e., total iron
concentration exceeds 10 mM and pH is between 9 and 10 (Faivre and Zuddas
2006). These conditions are characteristic of anoxic conditions in continental
and marine interstitial waters and are different when compared to the assumed
physiological pH and extracellular iron concentrations typically between 1 and
100 �M.
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Fig. 6.2 Possible morphologies observed for magnetosomes based on high-resolution TEM
images: (a) parallelepiped projection of a possibly peudohexagonal prismatic morphology,
(b) hexagonal projection of a possibly cuboctahedral crystal, and (c) tooth-shaped (anisotropic)
magnetosomes (the scale bar represents 20 nm). Note that the tooth-shaped magnetosomes are
usually the larger ones and the cuboctahedral the smaller ones (From Faivre et al. 2005)

The most intriguing example of the biological formation of magnetite is
biomineralization in bacteria magnetosomes. The magnetosomes comprise
membrane-enveloped, nanosized crystals of magnetic iron oxide magnetite. The
magnetosomes are arranged in intracellular chains that enable the cell to align itself
with and swim along external magnetic fields, a behavior known as “magnetotaxis”
(Blakemore 1975). Magnetotaxis facilitates the dwelling of bacteria in growth-
favoring microoxic zones on the bottom of chemically stratified natural waters
(Frankel and Blakemore 1991).

The morphology of magnetosome crystals is not constant but rather varies
in combinations of cubic f100g, octahedral f111g, and dodecahedral f110g with
possible distortions and elongations (Devouard et al. 1998). Same-species magnetite
crystals possess a nearly equidimensional cubo-octahedra (f100gC f111g) morphol-
ogy (Mann et al. 1984). Little to no biological intervention is required to explain
the formation of isometric cubo-octahedral crystals in the Magnetospirillum strains,
since identical morphologies are obtained through inorganic synthesis (Faivre et al.
2005) (Fig. 6.2).

We propose that since the morphology of the magnetosome crystals is very
species specific, with sizes always within the SD range, magnetic crystal growth
must be regulated. Unfortunately, this regulation mechanism is as yet undetermined
(Faivre and Zuddas 2007). Recent studies have shown that several proteins in MAI
genes have an influence over particle size and crystallinity (Murat et al. 2010). In
Magnetospirilla, the magnetosomes are aligned in a single chain oriented along the
longitudinal cell axis. Cryoelectron tomography studies have shown the existence
of a filamentous structure, responsible for organizing the magnetosome crystals
(Komeili et al. 2006; Scheffel et al. 2006; Katzmann et al. 2010).
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6.4 What Is Magnetite Doing in the Human Brain?

Several areas of the cerebrum, the dentate nucleus, the basal ganglia, and areas of
the midbrain could have high iron content (Hallgren and Sourander 1958). However,
samples of these areas showed magnetic particles at a similar level to those of the
cerebral cortex. We know that magnetite crystals allow bacteria to orient themselves
with respect to the Earth’s magnetic field and allow animals, such as bees, birds,
and fish, to navigate by compass direction. We do not know why the magnetite is
present in the human brain; we only know that it is there. Ferromagnetic crystals
interact over a million times more intensively with the external magnetic field
than do diamagnetic or paramagnetic materials like deoxyhemoglobin, ferritin, or
hemosiderin.

The fundamental question is: what is the mechanism through which the weak
geomagnetic fields are perceived by organisms that are able to precipitate crystals
of a ferromagnetic mineral such as magnetite? Could these crystals use their motion
in a variety of ways to “translate” the geomagnetic field into signals that can be
processed by the nervous system? In bacteria, the answer is simple: the magnetite
crystals orient the bacteria as a function of the local magnetic field. Magnetite found
in animals guides them through a biological compass, but it is unclear why the
magnetite is present in humans.

The presence of biological membranes bounding the magnetite implicates
some kind of mechanical coupling of each compass-like magnetite particle to
a mechanoreceptor. This may allow the particle position to be monitored by a
unique sensory organelle. As observed in bacteria, cells produce magnetite when
needed. Forms of advanced physical “intelligence” can directly tap into this
information if they have a crystalline network within their brain cavity. In nature,
DNA (proteins) transforms DNA functions through piezoelectric crystal lattice
structures converting electromagnetic oscillations to mechanical vibrations and vice
versa. Studies with exogenously administered electromagnetic fields have shown
that both transcription (RNA synthesis) and translation (protein synthesis) can be
induced by electromagnetic fields. In bones, in fact, direct current may produce
osteogenesis (bone formation) and bacteriostasis affecting adenosine triphosphate
(ATP) generation, protein synthesis, and membrane transport.

6.4.1 Electromagnetic Representation

In the human brain, pyramidal cells are present and arranged in layers in the
cortex of the two cerebra. The pyramidal cells may act as electro-crystal cells
immersed in extracellular tissue fluids. They could operate in the fashion of a
liquid crystal oscillator in response to different light commands, or light pulses,
which in turn change the orientation of every molecule and atom within the
body. Electron impulses from a neuron generate a weak amperage magnetic field
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activating ultrathin crystals or liquid crystal in the pyramidal cell. On flexing, this
ultrathin crystal becomes a piezoelectric oscillator, producing a circular polarized
light pulse that travels throughout the body, or a transverse photonic bundle of
energy.

Mechanical stress produces a piezoelectric signal from the collagen in bones.
The signal is biphasic, switching polarity with each stress-and-release. Signals are
rectified by apatite and collagen junctions. The strength of the signal tells the
bone cells how strong the stress is, and its polarity tells them what direction it
comes from. Osteogenic (bone forming) cells, which have been shown to have
a negative potential, would be stimulated to grow more bone, while those in the
positive area would stop producing bone matrix and be resorbed when needed. If
bone growth and resorption are part of one process, the electrical signal acts as an
analogue code to transfer information about stress to the cells and trigger the right
response. Hence, stress is converted into an electrical signal. An interesting property
of semiconductor diode junctions may be observed when current is run though the
diode in forward bias, i.e., when there is a good current flow across the barrier. Some
of the energy is turned into light and emitted from the surface and is therefore known
as light-emitting diodes (LEDs). Bone has a LED that requires an outside source of
light before an electric current can make it release its own light, and the light it
emitted at an infrared frequency is invisible to us, but consistent. By applying a few
microamperes of external current thereby triggering biologically generated electric
currents, it may be possible to regenerate the spinal cord, optic nerve, bone, or entire
limbs naturally or influence developing embryos.

6.4.2 A Role for Memory

Banaclocha (2005, 2007) and Banaclocha et al. (2010) suggested that in addition
to electrical, molecular, and synaptic communication within the neocortex, there
is a magnetic interplay between neuronal and astroglial networks consistent with
the statistical mechanics of neocortical interaction (Ingber 1984). This may explain
memory and cerebral computation. According to this hypothesis, neural activity-
associated magnetic fields (NAAMFs) generated in neocortical minicolumns can,
over time, determine the intensity and orientation of the static magnetic fields in
neighboring astrocytes. This results in the generation of specific 3-D magnetic
structures that in combination with attractor states may constitute the basis of short-
term memory and other cognitive functions. According to this hypothesis, exposure
to electromagnetic fields will modulate the ion channels’ membrane conductance
through interactions with extracellular or membrane-bound proteins. Biomagnetite
may thus play a key role in the transduction of magnetic signals produced within
the neocortex itself. Since magnetite crystals are synthesized and distributed in the
human brain in a specific and controlled form, NAAFs may drive the distribution and
organization of biomagnetite nanoparticles (single domain and/or superparamag-
netic) in neuronal membranes in a nonrandom crystal distribution over the neuronal
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surface. Each neuron might have a specific biomagnetite hallmark, depending
on its activity and connectivity, when alternating magnetic fields associated with
each neutron activity drive the magnetite distribution in a nonrandom way. The
biomagnetite distribution in the neocortical astroglial network would store long-
term information and would generate 3-D magnetic constructs of sufficient intensity
to affect magnetite nanoparticles localized in adjacent neuronal membranes. Self-
organization of the astroglial magnetic field may work as a complex and dynamic
physical actractor driving and modulating spontaneous neuronal activity in the neo-
cortex (Cossart et al. 2003; Beggs and Plenz 2004; MacLean et al. 2005). This may
explain some cognitive functions as the result of the magnetic properties that arise
naturally as a consequence of the cytoarchitectonic organization of biomagnetite in
the neocortex. Consequently, creativity, imagination, thinking, and dreams would
arise when magnetically memorized information in the astroglial biomagnetite
network drive feed-forward coherent and synchronized neuronal activities in the
membranes. The integration and self-organization of multiple astroglial magnetic
fields may store external information in the long term.

6.5 Conclusions

The discovery of magnetite nanoparticles and the study of their physical properties
using geochemical methodology opened new horizons in the neurosciences. Bio-
magnetite may be a shared phenomenon in bacteria, animals, and the human brain
where it serves to detect magnetic signals. Magnetite in the brain may well be one
of the mechanistic components retained during the evolution of the species in order
to identify and transduce the magnetic fields generated in the cerebral neocortex.
This may give credence to the hypothesis of nongenetically transmitted heredity. It
is possible that the magnetite nanoparticles distributed in the membrane of neurons
play a role in reception, transduction, and storage of information arriving in the
neocortex.
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Chapter 7
Chemometrics and Medical Geochemistry:
A Brief Tutorial

Robyn E. Hannigan

Abstract Chemometrics – the science of extracting information from chemical
systems using multivariate and mathematics methods – when applied to geo-
chemical and human health data can reveal unique relations. As a tutorial for
chemometric analysis of geochemical data and linked medical data, this chapter
presents a brief survey of approaches that can be used to reveal new insights into the
interdependencies of geochemistry and human health.

Keywords Chemometrics • Multivariate statistics • Statistical modeling • Data
visualization

7.1 Introduction

Chemometric techniques are commonly used in analytical chemistry and are
typically applied to experimental design and method development. More recently
chemometrics has been applied to solve descriptive and predictive questions using
chemical system properties to understand the underlying relations and structure
of biological systems. Applications of chemometrics to geochemistry are limited
to multivariate statistical analysis of geochemical data and are rarely applied to
understand the linkages between geochemical and biological systems.

The use of statistical approaches to evaluate geochemical data in the context of
human health, or any context, requires the development of falsifiable hypotheses and
an understanding that statistically significant is not the same thing as geologically
significant (Vermeesch 2009). When developing a testable hypothesis, we most
often begin with a null hypothesis (Ho), phrased in the language of “no effect”
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(e.g., Se concentrations in groundwater are not associated with human health
effects in the local population), and an alternative hypothesis (Ha), phrased in the
language of “effect” (e.g., Se concentrations in groundwater are associated with
human health effects in the local population). We then use statistical methods,
most often univariate, to accept or reject our null hypothesis. While this approach
works just fine in simple systems, where questions are obvious and where effect
and sample sizes are homogenous across the data, this approach becomes unwieldy
when dealing with interaction effects between geochemical and medical variables,
multiple colinearity, lack of a priori knowledge about the system interactions, and
heterogeneity in variance across the sample set.

While application of chemometric approaches in medical geochemistry are
absolutely appropriate and often the only methods that will reveal meaningful
causative relations between the two systems, there are precautions we must take and
assumptions we must make. This chapter is a simple summary of some approaches
that can be used to test complex null hypotheses to identify statistically, medically,
and geologically significant relations among geochemical and human biological
data. This tutorial is not, however, exhaustive or prescriptive.

7.2 Methods

The data used in this tutorial are compiled both from the literature and from the
author’s research and are presented here for teaching purposes only. Chemometric
approaches discussed below were done in SPSS 20.0, Minitab 16.0, and Statistica
10. This tutorial assumes the reader is proficient at data quality assurance and quality
control procedures and that all data to be used have been vetted for quality and
geological relevance.

7.3 Results and Discussion

7.3.1 Univariate Assessment of Significance

Geochemists rarely have the opportunity to design experiments. We operate at the
mercy of natural processes, and when working in the field of medical geochemistry,
we most often are evaluating relations between human health and geochemistry in
a reactive rather than proactive manner. There are advantages and disadvantages
to this condition. The advantage is that we have a priori knowledge of the human
health impacts (e.g., volcanic ash leading to development of breathing disorders in
exposed individuals) as well as a priori knowledge of the underlying geological
processes (e.g., overproduction of groundwater for irrigation led to increased
selenium concentrations which increased the selenium concentrations in produce
and ultimately impacted human health). This a priori knowledge allows us to
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PURPOSE OF TEST

Check for
outliers
before using
other tests

Grubbs’ test
TEST 2

Dixon’s test
TEST 1

Goodness of fit
testing for

distributions

Chi-squared test
TEST 18

Kolmogorov-
Smirnov test
TEST 19

Comparing means/medians and standard deviations

Comparing means/medians Comparing std dev

(cf = comparison of)

cf > 2 means cf mean with
ref value

cf paired or matched
samples

cf two means from
indep samples

ANOVA
TEST 15

Kruskal-Wallis
test
TEST 16

t-test
TEST 3

Sign test
TEST 4

Wilcoxon signed
rank test
TEST 5

Paired t-test
TEST 11

Sign test
TEST 12

Wilcoxon signed
rank test
TEST 13

x-y plot
TEST 14

Friedman’s
test
TEST 17 (> 2 samples)

t-test
TEST 8

Mann-Whitney
U-test
TEST 9

Tukey’s quick
test
TEST 10

F-test
TEST 6

Siegel Tukey
test
TEST 7

Fig. 7.1 Univariate significance tests to explore relations among data. Tests 1 and 2 assume
normally distributed data. For non-normal or multiple outliers, use outlier generation modeling
(Davies and Gather 1993)

develop hypotheses that are testable and based on solid scientific understanding
(Ho: The concentration of Se in groundwater has not changed since pumping began;
Ha: The concentration of Se in groundwater has changed since pumping began).
We can use simple univariate approaches to test the null hypothesis. The data, in
this example, are Se concentrations in groundwater, measured quarterly, just prior
to and since pumping began. Using a simple flow chart (Fig. 7.1), we must first test
the Se data for outliers, then check the Se data for normality. In this dataset there
are no data gaps (Table 7.1) (e.g., dates without Se measurement).We also assume
that the analytical precision and accuracy are sufficient to retain these data (e.g., no
bias). When data gaps occur, you may use a number of chemometric approaches to
“fill in” these gaps such as imputation or interpolation (Adèr 2008).

Testing our hypothesis that Se concentration in the groundwater has not changed
since pumping began, we will look at a subset of Se concentrations and test for
outliers (Table 7.2).

By eye, we suspect that the Se measurement taken 9 months prior to the start of
pumping is an outlier. We cannot remove this point based on our bias alone. First we
must confirm that the data are normal. Using the Kolmogorov-Smirnov normality
test, the data are normally distributed (p > 0.10, ˛ D 0.05). We can then use Dixon’s
Q outlier test to see if the suspect Se concentration (23 �g L�1) is an outlier for the
whole dataset or just within the pre-pump data. For the whole dataset, the Q value
is 0.154 which is less that the critical value for Q (95% confidence, n D 9; 0.493) so
23 is not an outlier. Looking only at the pre-pump data, we see that the Q value is
0.579 which is still less than the Qcrit for four samples (˛ D 0.05, Qcrit D 0.829). So,
like it or not, we have to keep that point in our dataset.
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Table 7.2 Subset of Se concentration data used for testing for outliers

Se (�g L�1) 4 23 8 12 35 67 90 92 101

Time since pumping began (months) �12 �9 �6 �3 0 3 6 9 12

Suspected outlier shown in bold

Since we know the selenium data are normally distributed and that none of these
data are outliers, we can proceed to hypothesize about the impact of pumping
on groundwater Se since we suspect that pumping led to increased Se in the
groundwater translating to increased Se in the produce grown using these waters
and subsequently to human health effects.

To test whether pumping changed groundwater Se concentrations, we must make
sure we have a balanced dataset. Ideally, we want as many measurements of Se
before pumping as we have after. If this were not the case, we could not proceed
with our evaluation of the data. For the purposes of this tutorial, let us assume that
we have normally distributed data extending, quarterly, 5 years prior to pumping and
to the present which is 5 years after pumping (including the first year) (Table 7.1).

To test that there is a difference, post-pumping, in Se concentrations in the
groundwater, we can perform a t-test (unpaired because the samples are not the same
ones tested pre- and post-pumping, two-tailed because we do not want to introduce
bias in assuming that Se concentrations are higher post-pumping). Our results show
that the mean Se concentrations are significantly different pre- and post-pumping
(t D 5.112; p < 0.0001). Also we find that the standard deviations in mean Se
concentration pre- and post-pump are statistically different meaning that our whole
dataset is, in fact, non-normal. We found, above, that a subset (Table 7.2) was
normally distributed but do not ever assume that the state of a subset translates to
the entire dataset any more than you would assume that your sample data represent
the entire population of samples that could be tested. Since we found a significant
difference in means but also found the data were not normal (standard deviation
of the means were statistically different), we could use a corrected t-test: unpaired
t-test – Welch corrected. This also identifies the mean difference pre- and post-
pumping, but the non-normal distribution of the data is a violation of the assumption
of not only the normality of mean required by the t-test but also the normality of the
variance about the mean assumption. So we must turn to a nonparametric means
comparison statistic so that the violation of the assumptions of normality does not
bias our results and lead us to draw conclusions that are incorrect (accepting a false
null). A nonparametric test for significant differences between means is the Mann-
Whitney U test. Again we choose the two-tailed probability value for this test. The
means are statistically significantly different pre- and post-pumping (p < 0.0001).
But, can we say that pumping is the cause of this difference?

To evaluate this we need a priori knowledge of the system. What other factors
can change groundwater Se concentrations in the region we are studying? Water–
rock interactions can lead to increased Se concentrations in groundwater that are
weathering bedrock high in Se (e.g., marine shales and mudstones). This will also
lead to increases in other metals such as U, Mo, and dissolved organic carbon
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(DOC). Se can also be oxidized by nutrients such as nitrate. So, groundwater redox
state matters with respect to Se concentrations as well. Thus, we have to consider
what factors might affect groundwater redox. Irrigation pumping is one of them
as is groundwater-surface water interaction which can be measured by changes
in groundwater recharge rate and stream baseflow as well as water table depth.
In addition to natural processes such as increased storm intensity and increased
recharge, human activities can also impact Se concentrations in the groundwater
through activities such as ash deposition from coal power station introduced into
soil and therefore interacting with precipitation during infiltration, Se in manure
introduced as fertilizer in soils, and waste water from landfills infiltrating into the
groundwater. As you can see from the simple scenario we began with, statistical
analyses of geochemical data alone become quite complicated rather quickly. We
have to turn from univariate statistics to multivariate statistics in order to evaluate
the impact of both natural and human impacts on groundwater Se concentrations
before we can ascribe them to irrigation pumping alone.

7.3.2 Multivariate Approaches to Evaluating
Relations Among Data

As geochemists we have inherent a priori knowledge of our geological setting and
the potential natural causes for changes in elemental composition of groundwater.
If our groundwater is interacting with a marine shale that has high concentrations
of Se, then we should also see high concentrations of other metals known to
be enriched in these sedimentary rocks. For example, we should see increased
concentrations of U and Mo in our groundwater, and assuming that the ground
waters are reducing, we should also see high concentrations of sulfide and dissolved
DOC. In an almost perfect world, such as we are in for the purposes of this
tutorial, we have measured values of U, Mo, and DOC for all of our samples. If the
groundwater is oxidized or the aquifer is a sandstone or limestone, we should see
low concentrations of Se, U, and Mo and high concentrations of Ba, Sr, and Ca (if a
carbonate) or Si (if a sandstone). If Se is being oxidized by nitrate introduced from
surface water interactions, then we should see differential oxidation of Se compared
to other redox sensitive metals. Lastly, if Se is being introduced from pollution
or from soil amendments, we should see Se concentrations increase during times
of agricultural activity and decline during fallow seasons. Of course the above are
oversimplifications but provide a framework for our next set of statistical tests.

We will assume, here, that the aquifer is a Miocene black shale. Therefore, we
can assume that some of the Se in the groundwater is from weathering of this
material. We can test for seasonality in our data with respect to Se concentrations
using two factors: fallow/growing season and precipitation. We would label our
data as group 1 (fallow) and group 2 (growing) and use measured mean quarterly
precipitation values (Table 7.1). We now can build our hypotheses. Again, we need
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to be certain all of our data are normally distributed. We now have the following
scalar variables: Se, Mo, U, DOC, nitrate, silica, Sr, Ba, Ca, redox potential (Eh),
and two nominal factors: Pre- and post-pumping and growing season. A univariate
test for normality of all of the scalar values shows that none of the scalar data
are normally distributed. So we need to transform the data for normality. There
are numerous approaches we can take to do this (Draper and Cox 1969; Cox and
Small 1978). Natural log transformation normalized several metals (Se, U, Mo,
Sr, Ca) as well as redox potential (Eh). However, several analytes remained non-
normally distributed. Since not all of the scalar variables could be normalized using
mathematical transformations, we can rank the data (highest to lowest within a
given variable), and this normalizes the data. We will use non-normally distributed
original data very rarely and only when using robust statistical tests (those that can
tolerate outliers and violations in the assumptions of normality). The majority of our
analyses will use ranked data.

So now let us explore whether there is any relation between Se in groundwater
and growing season. To do this we could use the univariate approach as above but
since we have precipitation data and precipitation data covaries with growing season
(lower in the fallow seasons), we have to consider that precipitation and growing
season are covariates. So we need to perform a multivariate analysis of variance
(MANOVA) and include precipitation as a covariate. We will use a generalized
linear model MANOVA with planting group as a fixed factor (two levels) and
precipitation as a covariate. The model will produce information regarding the
probability that the variance in Se is due to the planting season (p D 0.798) or
due to precipitation (p D 0.197). The interaction of planting group and precipitation
on Se is not significant (p D 0.109). So the hypothesis that planting season and/or
precipitation have no effect on groundwater Se is retained. Since we now know this,
we can further explore the geochemical controls on Se concentration.

We can use the ranked data to evaluate relations among our scalar variables using
a Spearman rank correlation. Significant (p < 0.05) relations were found between Sr
and Se (r D 0.846), between Se and Ba (r D 0.832), between Ca and Se (r D 0.622),
and between Eh and Se (r D 0.910). These relations do not suggest a linear relation
but reflect interdependence between Se and these other parameters. Recall that we
know the bedrock is Miocene black shale and we hypothesized that Se increases
in groundwater could be attributed to water-rock interactions. We found no relation
between Se and other “black shale”-associated metals such as Mo or U. We did
find a relation between the “carbonate” metals Sr, Ba, and Ca and with Eh. This
suggests that Se concentrations are related to redox potential and that, perhaps, there
is a source of Sr, Ba, and Ca mixing with the groundwater and equilibrating under
oxidized conditions. Could it be that surface water, with a carbonate character, could
be mixing with the groundwater? If that were happening, could Se be being oxidized
by nitrate from these waters? There is a weak negative relation between nitrate and
Eh (90% confidence, r D � 0.279, p D 0.082) which means that as Eh increases
(oxidized environment) the nitrate concentrations are declining which may reflect
some unique redox chemistry for nitrite and perhaps that the nitrogen in the system
is from the bedrock itself (e.g., Morrison et al. 2012).
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While the correlations are informative, we should also rely on geochemical data
visualization techniques to evaluate the dataset. If we knew the major anion and
cation chemistry of the groundwater we would use piper diagrams to classify the
water types. In this example, however, we do not have this information. So we can
use a multivariate statistical visualization to establish these relations. In this case
we will use factor analysis with principal component extraction. This is not a robust
method and so we will perform this analysis on our ranked data. We select varimax
rotation for the solution to maximize the variance of the squared loadings which
really means that we are trying to minimize complexity in our model and do so by
making large loadings larger and small loadings smaller. In our model we find that
four factors account for 77% of the total variance in the dataset which is very good
considering that the data are ranked. As a geochemist what this means is that the
linear relations of analytes to these four factors can be used to reveal the underlying
structure of the data. We can use this structure to evaluate geochemical processes
responsible for the structure. Looking at how the variables relate to factors (Fig. 7.2),
we find that Se, Sr, Ba, Ca, and Eh are more strongly associated with factor 1 than
other factors. We can say that these variables “define” factor 1. Factor 2 is defined by
U, Mo, and DOC. Factor 3 is defined by nitrate and silica, and factor 4 is defined by
precipitation. Given these relations, we can ascribe meaning to these four factors as,
for example, factor 1, inorganic water/rock interaction; factor 2, organic water/rock
interaction; factor 3, nutrient chemistry; and factor 4, recharge/infiltration. Since
factor 4 shows no relation to Se, we can consider the possibility that Se is not being
introduced from precipitation and soil-water interactions.

We can also, given the relations to factor 1, consider, more strongly, the role
of aquifer-groundwater interactions and changes in oxidation on Se concentrations.
Using the factor loadings, which range from � 1 to C1 and interpreted the same
way we interpret a correlation coefficient, we can graphically explore the relation
between variables and factors (Fig. 7.2). When using loadings to explore data
structure, the sign of the loading matters. The results of our factor analysis also
present some questions for us to evaluate. First is that Eh correlates with factor 1
in the same “direction” as Se, Sr, Ba, and Ca. We expect that since Se is redox
sensitive, Eh and Se would be related, and when we refer back to our correlation
analysis, Se and Eh were strongly positively correlated meaning that as Eh increases
(water becomes more oxidized), Se concentrations increase. This makes some sense
but why is there no relation, in our correlation results or factor analysis, between
DOC, U, and Mo with Eh? One possibility is that the variances are non-normal in
all of our analytes, and though we ranked our data, this does not remove the impact
of non-equal variances in our variables. Regardless, let us proceed since we now
have some idea of the processes governing Se concentrations which appear to be a
combination of water-rock interaction and redox.

Recall that, in our example (Table 7.1), our aquifer is a marine shale but that we
might also have to consider groundwater-surface water interactions that could lead
to increased Sr, Ba, and Ca in the groundwater. The factor loadings for Se and these
other metals in factor 1 allude to the potential fact that factor 1 is not only water-rock
interaction but also surface-groundwater interaction. One way for us to evaluate this
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Fig. 7.2 Factor loadings for variables in our groundwater dataset. * Identifies variables that are
strongly associated with a particular factor. How these variables relate to factors allows us to ascribe
meaning to the factors with respect to processes accounting for variance in our data
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hypothesis is to look at the relations among our samples in factor space (Fig. 7.3a).
Remember that our overarching goal is to evaluate a link between irrigation, Se
concentrations in groundwater, and human health impacts. So here we will evaluate
the relation between irrigation and Se by plotting factor 1 and 3 scores (trace metals
and nutrients). These relations are intriguing. Prior to pumping, the groundwater
had lower Se and other metals and higher concentrations of nitrate/silica. Mann-
Whitney U results show that there is no statistically significant difference in nitrate
or silica concentrations before and after pumping. So we may have to retain our null
hypothesis that there is no relation between Se in groundwater and surface water
interactions. But, we also can look at factor 4 which is precipitation and see what
we can find (Fig. 7.3b). Alas there are no real relations revealed here either. So if
we turn to factor 2 which is “redox,” what do we see (Fig. 7.3c)? Not much. The
factor analysis results show that factor 2, like factors 3 and 4, do separate pre- and
post-pumping samples and so we could ascribe meaning to this in that factors 2, 3,
and 4 are associated with “pumping” in some way. But, does this mean that Se
concentrations are related to pumping?

We can, based on the above, be confident that Se concentrations are related to
pumping. The processes influencing this relation remain obscure. To add confidence
to our analyses, we can use linear discriminant function analysis, using our raw
data, which will use the linear relations of the variance of our sample dataset to
“classify” samples as pre- and post-pumping. We will do this by setting aside a
randomly selected subset (using a random number generator) of the data to “train”
or develop the classification model. Using the data from 15 pre-pump and 15 post-
pump, we enter each variable in a stepwise manner so that we can identify the
variables that are most critical to correctly classifying samples to pre- and post-
pumping. Training samples were classified to pre- and post-pumping group with
90% accuracy (cross-validated). The results also provide equations that allow us to
classify “unknowns” and so we use the equations (Eqs. 7.1 and 7.2) to classify the
randomly selected samples we set aside above using our discriminant function. Most
statistical packages have the classification of unknowns using a “training model”
option so you do not have to mathematically solve the equations for unknowns.

Pre-pumping group D �89:08 � 0:07 Se C 3:03 precip � 44:93 U

C 15:60 Mo C 12:70 DOC C 215:98 NO3
1� C 5:35 Si

C 0:34 Sr C 0:31 Ba C 0:40 Ca � 1:75 Eh (7.1)

Post-pumping group D �102:98 � 0:08 Se C 3:98 precip � 43:85 U

C 16:51 Mo C 10:17 DOC C 223:44 NO3
1� C 53:17 Si

C 0:51 Sr C 0:31 Ba C 0:26 Ca C 16:30 Eh (7.2)

The classification success for our randomly selected “unknown” samples was
100%. When looking at the coefficients in the equations, we see that the most
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a

b

c

Fig. 7.3 Factor loadings of samples identified as pre- (closed circle) and post- (open circle)
pumping. (a) factor 1 vs. factor 3, (b) factor 1 vs. factor 4, and (c) factor 1 vs. factor 2. These
results show that the factors accounting for variance in the data do separate the two sample types
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important variables for classification to pre- or post-pumping are those that are
strong on one function but not another. Silica and Eh are good examples of
this with these results suggesting that pumping most directly impacted these two
variables. This then further confirms our supposition that groundwater pumping and
associated changes in water–rock interaction and redox conditions influenced Se
concentrations.

In the above statistical approaches, we see a number of ways to “skin” the cat.
We can, with a great deal of confidence say that the groundwater chemistry did
change once irrigation pumping began and that the changes in chemistry are related
to changes in redox and water-rock interactions. So now that we have found out a
great deal about the processes influencing groundwater chemistry, can we link the
Se, and so the irrigation pumping, to human health impacts?

7.3.3 Exploring Human Health Data in the Context
of Geochemical Data

In our example we have a relatively complete geochemical dataset (Table 7.1). We
will now introduce the human health data associated with the population who are
eating the produce grown on fields that are irrigated with the high Se groundwater. In
this case, as in many cases, we do not have “pre-”irrigation health data and so cannot
look for trends in the data as we could in the geochemical data. We have serum Se
concentrations as well as other blood test results (creatinine, albumin, etc), and we
have information, from surveys, about their lifestyle and other factors that might
influence blood Se such as diet and smoking (Table 7.3). We are now mixing scalar
data (concentrations) with ordinal data (vegetarian vs. mixed diet). The first thing
we need to establish is whether the “exposed” population has higher serum Se than
the normal population (41.7 �g L�1 to 158.2 �g L�1; (Lockitch 1989)). Using a
hypothetical median value of 99.95 �g L�1, we will use a univariate nonparametric
Wilcoxon rank sum test (since serum Se is non-normal) and compare the mean of
our population to the hypothetical median of 99.95. The results indicate that the
mean serum Se of our population is significantly different from the hypothetical
median (p D 0.0043). Knowing this we also want to explore whether any of the
other serum parameters are significantly different from “normal.” White blood cell
count (WBC), a biomarker of kidney function, and creatinine, a biomarker for
cardiac function, are normally distributed and so we can use a parametric t-test to
compare to the hypothetical mean for these analytes. No significant difference from
“normal” was found for hemoglobin (15.22 g dL�1 vs. 15.5 g dL�1; p D 0.0821)
or serum albumin (42.1 �g L�1 vs. 42 �g L�1; p > 0.9999). There is a significant
difference in WBC (5.91 � 109 cells L�1 vs. 7.55 � 109 cells L�1; p < 0.0001) and
serum creatinine (99.4 �g L�1 vs. 75 �g L�1; p < 0.0001).

We first need to test for a relation between serum Se and the health effects in our
population. We also have “yes”/“no” data from the patients (self-reported) about
whether they eat a diet high in locally grown vegetables (at least 1 serving per day)
and whether they have been diagnosed with cardiac or kidney disorders. We also
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Table 7.3 Human health data

Patient #
Se
(�g L�1)

Veg diet (1 � 1
meal per day,
2 D 1C meal
per day)

Cardiac issues
(1 D cardiac issue,
2 D no cardiac
issue)

Kidney issues
(1 D no kidney
issues, 2 D kidney
issues)

Smoker
(1 � 0.5 pack/day,
2 � 0.5 pack/day)

P1 87:45 1 1 1 1
P2 94:73 1 1 1 1
P3 338:39 2 1 1 1
P4 342:53 2 1 1 2
P5 315:78 2 2 1 1
P6 319:15 2 1 1 1
P7 51:69 1 1 1 1
P8 64:47 1 2 1 1
P9 286:02 2 2 1 2
P10 299:89 2 2 1 1
P11 260:38 2 1 1 1
P12 48:37 1 1 1 1
P13 278:43 2 1 1 1
P14 377:36 2 1 2 1
P15 327:61 2 2 2 1
P16 75:54 2 1 2 2
P17 112:17 1 1 1 1
P18 89:23 1 1 1 2
P19 96:53 1 1 1 2
P20 53:65 1 1 2 2

Patient #
Hemoglobin
(g dL�1)

WBC (�109

cells L�1)
Creatinine
(�g L�1)

Albumin
(�g L�1)

P1 15.40 8.5 97 38
P2 16.90 6.0 91 51
P3 16.10 7.4 98 44
P4 13.90 6.3 154 45
P5 16.10 3.3 98 42
P6 13.00 3.5 140 33
P7 16.30 5.1 129 43
P8 15.60 6.4 97 42
P9 14.20 6.3 97 41
P10 14.80 8.2 83 44
P11 14.70 5.8 78 41
P12 15.70 6.5 96 46
P13 14.90 7.1 91 45
P14 16.40 7.8 101 40
P15 14.40 3.5 80 42
P16 14.90 7.1 90 40
P17 15.00 5.5 81 43
P18 17.10 5.4 89 43
P19 14.70 6.2 86 40
P20 15.40 4.2 98 43

(continued)
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Table 7.3 (continued)

Patient #
Se
(�g L�1)

Veg diet (1 � 1
meal per day,
2 D 1C meal
per day)

Cardiac issues
(1 D cardiac issue,
2 D no cardiac
issue)

Kidney issues
(1 D no kidney
issues, 2 D kidney
issues)

Smoker
(1 � 0.5 pack/day,
2 � 0.5 pack/day)

P21 112:03 1 1 2 2
P22 271:82 2 1 1 2
P23 342:60 2 2 2 1
P24 113:01 1 1 1 1
P25 94:69 1 1 1 1
P26 92:17 1 1 1 2
P27 128:44 1 1 1 2
P28 67:98 1 1 1 1
P29 71:69 1 1 1 1
P30 114:12 1 2 1 1
P31 107:25 1 1 1 2
P32 315:34 2 1 1 1
P33 358:43 2 2 2 1
P34 45:34 1 1 1 1
P35 82:20 1 1 1 1
P36 82:21 1 1 1 1
P37 207:55 1 2 1 1
P38 284:79 2 2 1 2
P39 310:10 2 2 2 1
P40 373:22 2 2 2 1

Patient #
Hemoglobin
(g dL�1)

WBC (�109

cells L�1)
Creatinine
(�g L�1)

Albumin
(�g L�1)

P21 14.10 6:0 126 41
P22 14.60 6:7 90 43
P23 16.60 7:1 90 45
P24 13.90 3:6 102 39
P25 16.20 7:5 100 49
P26 16.00 4:1 123 43
P27 15.50 6:1 93 41
P28 16.40 4:5 89 43
P29 14.30 4:8 93 38
P30 14.80 6:6 86 40
P31 16.20 9:5 85 44
P32 14.50 3:7 97 42
P33 14.30 6:6 97 42
P34 15.10 4:7 87 40
P35 16.50 6:1 119 42
P36 16.10 4:1 103 40
P37 14.50 4:4 84 42
P38 14.40 4:8 127 44
P39 14.90 10:6 94 40
P40 14.50 4:7 117 40
Concentrations of Se, hemoglobin, creatinine, and albumin were measured in serum samples
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have data on whether they are smokers (>0.5 pack/day). In this population we will
assume that none of the population is exposed to metals through their workplace and
that all are males and are between 35 and 45 years of age and are all Caucasians. We
make these assumptions, for our case, as we do not want confounding variables
of gender, ethnicity, or occupation. However, in real cases you will likely have
to deal with these issues and so we include “smoking” as a lifestyle variable that
can confound relations between Se in the groundwater and health effects on our
study population. We first, then, need to exclude smoking as a covariate to cardiac
and kidney health end points. Covariates are variables that account for the effect
of a variable that is observable but difficult to control. We know that smoking is
linked to low-level Se exposure and to outcomes such as cancer (Goodman et al.
2001). We will use ordinal logistic regression with serum Se as the response and
the model variables of “high-vegetable diet” and “smoker” and setting “smoker” as
a factor with two levels (1 smoker, 2 nonsmoker). Our results indicate that being
a smoker does impact serum Se levels (estimated coefficient D 0.261, p D 0.663).
The model also shows that there is sufficient evidence to conclude that at least one
of the estimated coefficients (diet and/or smoker) is different from zero (G D 40.467,
p D 0.000). Though the results suggest that smoking may be a confounding variable
in our case study, the ordinal regression also indicated that the predictive capacity of
the model is moderate (Kendall’s Tau-a D 0.46, Goodman-Kruskal Gamma D 0.65,
Somer’s D D 0.46). So we can conclude that being a smoker does influence serum
Se concentrations and so must retain smoking as a covarying factor in any of the
models we develop to test whether there is a relation the cardiac or kidney health of
the population that consumes a high proportion of the vegetables grown using the
contaminated groundwater.

To test whether serum Se concentrations are associated with health effects, we
will test whether Se has any predictive power on these responses while keeping diet
and smoking in the model as covariates. We will use a partial least squares model for
this. Including only serum Se as a predictor, the R2 for cardiac issues is 0.233 and
for kidney issues is 0.106. Though weak, these values are significant (p D 0.038) at
the 95% confidence level. If we model cardiac and kidney effects as a response to
interactions between serum Se, smoking, and diet, the model is no longer significant
(p D 0.190) though serum Se is still most strongly associated with these two health
outcomes (62% of variance in cardiac and kidney issues is attributable to serum Se).

We can be reasonably confident that serum Se is associated, to a moderate extent,
with the cardiac and kidney health outcomes of our population. We can further
explore the data using factor analysis to see whether those people with cardiac
and/or kidney problems load high on a factor that accounts for the variance in serum
Se. We have to code our data as follows: 0, no cardiac or kidney issues; 1, cardiac
only; 2, kidney only; and 3, kidney and cardiac issues. We will use ranked serum
Se, diet, smoker, and ranked blood chemistry as variables. Four factors are required
to account for 81% of the variance in the data. Interestingly serum Se and diet
correlated with factor 1 (0.911 and 0.926, respectively). Factor 2 is associated with
serum hemoglobin, WBC, and albumin. Factor 3 is associated with serum creatinine,
and factor 4 is associated with smoking. Removal of the serum data (hemoglobin,
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WBC, creatinine, albumin) results in three factors explaining 100% of the variance,
but each factor (serum Se, diet, and smoking) accounts for an equal share of the
variance (�33%) and so these results mean very little. Given that we have shown,
statistically, that there is a relation between serum Se and health effects, we can, for
now, move on to testing our larger hypothesis.

7.3.4 Chemometrics and Combined Geochemical
and Human Health Data

Thus far, we have treated the geochemical data in isolation from the human health
data. Recall that we have established, statistically, that:

(a) Mean groundwater Se concentrations are different pre- and post-pumping.
(b) Planting season and precipitation are not related to groundwater Se.
(c) Groundwater Se concentrations are influenced by redox and water-rock interac-

tion.
(d) There appears to be another water source (oxidizing, high in Sr, Ba, and Ca)

mixing with the groundwater.
(e) Serum Se concentrations are different from “normal.”
(f) Albumin and hemoglobin are “normal.”
(g) Creatinine and white blood cell count are not normal.
(h) Smoking influences serum Se concentrations.
(i) Serum Se is related to cardiac and/or kidney effects.

While the above analyses are significant, we have not addressed their power yet.
Statistical significance tells us how sure we are that the difference or relation exists.
It gives us confidence that our results are different from what would be expected
just by chance. Significance protects us from committing a type I error, rejecting a
true null hypothesis. But what protects us from committing a type II error, accepting
a false null hypothesis? Statistical power is the probability of retaining a false null
hypothesis and is most closely associated with sample size. If your sample size is
too small, you may get a significant statistical result, but the result will have little
power and so you may retain a false null hypothesis and commit a type II error. So,
for all of our tests thus far, what is the power?

One approach to assessing power is a simple power analysis for ANOVA. We
have, for pre- and post-pumping, for planting season, and other metrics, only two
levels. We have 30 groundwater samples (15 pre- and 15 post-pumping) and 40
patients (21 with low-vegetable diet, 19 with high-vegetable diet, etc.). We will use
GPower (Faul 2012) to calculate the power of our statistics. We used Mann-Whitney
tests to evaluate differences in means between groups (groundwater Se, pre- and
post-pumping; serum Se, diet; etc.). Using a two-tailed approach to power tests and
using rank data (normalized), setting our effect size to large (0.50), our ˛ at 0.05,
and entering in the number of samples per “group,” we find the following:
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• With only 15 samples pre-pumping and 15 post-pumping, our power is only 25%
meaning our probability of committing a type II error (ˇ) is 75%. So though
we found a significant difference in groundwater Se pre- and post-pumping, the
statistic has little power and so we cannot reject the null hypothesis. Even if we
open our confidence from 95 to 80%, we still do not have power.

• When comparing cardiac/kidney health and serum Se, we also have no power
despite having significant results and so cannot conclude, with any power, that
serum Se is associated with the two health end points.

• When comparing smoking or diet to serum Se, we also lack power and so cannot
reject our null hypothesis that these two factors are not related to serum Se
concentrations.

Since our sample sizes are too small to provide power, based on the post hoc
power tests, what sample size would we need to have both significance and power
in our statistical analyses? Performing an a priori power test, 2 tailed with an effect
size of 0.5 (large), retaining ˛ at 0.05, and power at 95%, we would need 42 samples
per group. This would, then, require us to have at least 84 samples if samples were
evenly distributed between groups. Ideally you would perform an a priori power test
prior to beginning your sample collection, but in our case we “inherited” data that
was collected for other purposes. So, do we abandon chemometrics and simple say
that we cannot conclude anything? No. But we now have to use our geochemical
knowledge to evaluate the statistics. For example, our statistical analyses suggested
that groundwater Se is influenced by oxidation and that differences in concentrations
pre- and post-pumping could be attributed to mixing of oxidized water with reducing
groundwater. Our statistical analyses alluded to the relation between serum Se and
diet, as well as smoking, and also between serum Se and health effects. What we
now must attempt is to leverage statistical “visualization” techniques to explore
these relations.

7.3.5 Path Analysis and Structural Equation Modeling

Path analysis is an extension of multiple regressions and is a statistical approach
that allows us to visualize the magnitude and significance of hypothesized cause
connections between sets of variables. Here we will explore the use of a specific
type of path analysis, structural equation modeling (SEM) using Statistica 10. SEM
is a general, but powerful, multivariate statistical technique that allows us to evaluate
the relative influence of measured and unobserved (latent) variables on one and
other. Specific to our example we are able, through SEM, to evaluate the direct and
indirect effects of groundwater Se and diet on health. We are, therefore, using SEM
as a “causative” model where we hypothesize relations among variables and test the
causal model using a linear equation system.

In our SEM we will define a series of variables as follows: exogenous latent
variables (oval shapes on PATH diagram with arrows out only) are those that
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are only independent variables and are unobserved but have measured (manifest)
variables that serve to “define” them. You can think of this as a “factor” in factor
analysis where our measured variables “load” on a factor. In SEM, the measured
(manifest) variables “load” on latent variables. In our case study, we have a few
such exogenous latent variables. First we have time which we assign the manifest
variable of “months since pumping” as we assume that only the months since
pumping matter in our study but cannot be sure this is the only time factor. Second
we have a bundled variable of precipitation and planting season. These are the only 2
“environmental” variables that we have shown have an independent relation to time
and other manifest variables. So we call this latent exogenous variable, in our model,
Env Var. We also have an exogenous health-related variable comprised of creatinine
and white blood cell count as these are not associated with other manifest variables,
so we will define another exogenous latent variable as “other health factors.” In
the case of all of these exogenous latent variables, we are not assuming that the
manifest variables associated with them are the only variables accounting for their
contribution to relations among our data but that these variables represent possible
independent, unobserved variables that may contribute to the variance in our dataset.

Next we define our endogenous (dependent and independent) latent variables
(oval shapes on PATH diagram, arrows in and/or out). In the case of endogenous
latent variables, we can have multiple relations within our model and so can be
independent as well as dependent. Since these are latent they are still like factors
and are not directly observed but are associated with manifest variables. We know
from our previous statistical analyses that serum creatinine and serum WBC are
associated with kidney and cardiac health, but these two measures are not the
only possible serum indicators of health effects so we define an endogenous latent
variable “serum chem” associated with the measured creatinine and WBC. Our
last endogenous latent variable is “kidney/cardiac health” which is associated with
the measured health scores for our study subjects. Since these scores are “self-
reported,” they are not a direct measure of health and so this variable is defined
as a latent variable. Next we have the variables that define redox (U, DOC, Mo,
Eh, nitrate), WRI (water-rock interaction; Si, Ca, Sr, Ba), and other health variables
(serum hemoglobin and serum albumin). Lastly we have manifest variables that
are not latent such as diet (high or low vegetable), smoker, groundwater Se, and
serum Se.

Once our variables are defined, we then construct a path diagram (Fig. 7.4) that
shows the directional relations between our variables that we wish to test. Here
we do not include covariance among variables but you can include covariance
in SEM models. As you can see from our path model, we have defined, based
on our statistical tests above, direct and indirect relations among variables. For
example, SEM allows us to test whether time has a direct effect on groundwater
Se (arrow from time to GW [Se]) or if time indirectly relates to groundwater
Se by first affecting redox which then directly affects groundwater Se. In our
analyses above, we could only test for direct relations. With SEM we can test
for both direct and indirect relations. The model presented here was run using
standardized residuals (difference between the measured and estimated function)
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Fig. 7.4 Path diagram for the structural equation model that explores relations among latent and
manifest environmental and health variables. Estimates in bold are significant at ˛ D 0.05. Values
in parentheses are estimates of relations when allowing for covariance of WRI and redox

and also included exploration of autocorrelation of residuals and correlations among
latent variables. The model also allowed for correlations among the disturbances
(error path of measured variable on each latent variable).

Before we discuss the results, there are a few key points regarding SEM that
must be discussed. First is that you can construct multiple path diagrams changing
the relations (direct/indirect, covariance, etc.) and compare the fit of the models
using the reported Akaike’s information criterion (AIC) statistic. Each SEM will
report a chi-square-maximum likelihood (
2

ML) statistic. The 
2
ML is a discrepancy

measure that compares sample covariance with implied model covariance computed
from model structure and all model parameters. In general, the reported 
2

ML should
be close to the degrees of freedom of the model. In the model we developed the 
2

ML
was 283.71 (p D 0.00), and the degrees of freedom for the model was 174. A higher
AIC statistic is favored when selecting a model. The model presented here had an
AIC of 11.326. If we remove many of the variables and simply have a path from
time to groundwater Se to serum Se to health the AIC is 1.759. Clearly, the model
presented here is better as it reflects the complexity of our data.

Recall that our overarching goal is to evaluate whether pumping of an aquifer
increased groundwater Se and if this high Se groundwater, used for irrigation, im-
pacted human health. Our results (Fig. 7.4) are complex but quite informative. The
unobserved environmental variable does not strongly relate to either groundwater
Se (R2 D 0.042) or to diet (R2 D 0.481). The moderate, but not significant, relation
between diet and groundwater Se is expected given that the environmental variable
is linked to the planting season. Similarly, our unobserved health factor variable
does not directly relate to kidney/cardiac health (R2 D 0.212). The lack of relation
between these unobserved variables and our directly measured variables does not
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mean that there is not a lurking variable out there but simply means that the variance
in precipitation and planting season does not, collectively, related to groundwater Se
and, similarly, that the variance in serum hemoglobin and albumin does not relate
directly to kidney/cardiac health.

What is very interesting is that, from our previous statistical tests, we concluded
that time directly influences groundwater Se. Our SEM results show that this is not
the case (R2 D 0.073). Rather time directly influences redox (R2 D 0.898) and water-
rock interaction (WRI; R2 D 1.0) and that these, in turn, influence groundwater Se
(R2 D 0.927 and R2 D 0.762, respectively). Eh is positively correlated with WRI
variables Ba, Sr, and Ca and so some of the contribution of WRI to groundwater
Se may be overestimated without allowing for interaction effects between these two
latent variables. When we rerun the model allowing for covariance between redox
and WRI (Fig. 7.4), we see that 52% of the variance in both is accounted for by
their covariance and that redox remains a strong predictor of groundwater Se, but
WRI is no longer a strong predictor. The 
2

ML and AIC of this model is 264.138,
and the AIC is 6.773. Despite the fact that covariance between redox and WRI does
significantly change the relation between WRI and groundwater Se, the model fit
itself is not better and so we will retain our original model with the understanding
that the relation between redox and WRI does effect groundwater Se. So from our
model we know that time accounts for approximately 90% of the variance in redox
which then accounts for 93% of the variance in groundwater Se. Seven percent of
the variance in groundwater Se is unaccounted for or can be attributed to WRI.

Diet is not directly related to environmental factors such as precipitation, planting
season, or groundwater Se which suggests that if diet is related to serum Se
(R2 D 0.880), then some other source of Se must link diet and groundwater Se
since groundwater Se is directly related to serum Se (R2 D 0.954). Recall that diet
is approximated by the self-reported amount of vegetables eaten per day. We have
no data on whether these estimates are accurate, what other dietary components
that may be associated with groundwater (e.g., beef from cattle drinking the water),
or if the people are truly eating locally grown produce. Our SEM results suggest
that there is a “lurking” variable, one that has an important effect on serum Se
through diet that is not among the included variables. Our results clearly show that
groundwater Se is the best predictor of serum Se and that serum Se is not a good
predictor of kidney or cardiac health. Serum creatinine and WBC, however, are good
predictors of health (R2 D 0.711). There appears to be error correlation within the
kidney/cardiac health variable caused by the covariance of these two variables since
the disturbance is significant (0.585). This is likely induced by the fact that kidney
and cardiac health are binary-coded variables and so non-normality of variance may
lead to a type 2 error, but the chance is 58.5%.

Overall SEM revealed interesting relations between our variables. The SEM
results suggest we should retain our null hypothesis that pumping has not changed
groundwater Se concentrations as the effect is indirect. Rather we should rephrase
our null hypothesis and test whether pumping has changed groundwater redox
and/or water-rock interactions and then test if changes in redox and/or water-rock
interaction could be related to changes in groundwater Se. If we test the null
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hypothesis that there was no change in redox, for example, due to pumping, we
would, based on the SEM results, reject this hypothesis and retain our alternate
hypothesis that pumping did change redox. We hypothesized that diet has no effect
on serum Se concentrations. This null should be rejected based on the SEM results.
Can we say that groundwater Se led to changes in diet which led to serum Se
changes? No because both diet and groundwater Se are directly related to serum
Se, according to our SEM results, and the relation between groundwater Se and diet
to serum Se is indirect. So this suggests another source of Se to the population living
in this region. As to whether serum Se is unrelated to kidney/cardiac problems, this
appears to be supported and so we would retain this null. Serum creatinine and WBC
are directly related to these health effects but are unrelated to serum Se. So perhaps
what we need to evaluate is what the missing source of Se is, and how this might be
directly linked to kidney/cardiac health.

7.4 Conclusion

The above case study is not meant to be an exhaustive presentation of all statistical
tests that could be applied to test hypotheses in the case of a post hoc (after the fact)
evaluation of existing data. It is important to note that this case is not a real case
based on real data collected to test the hypotheses we have been testing. This is a
case study of using data, compiled for other studies, and evaluating hypotheses in a
post hoc manner. Also this is a case study presenting a series of approaches that are
what the author would do for such a study and is neither exhaustive or prescriptive.
Statistics are tools and like other tools you need to select the one that is best for the
job. If you have a nail to put in a wall, a hammer is the best choice but a wrench will
often suffice.

Acknowledgements I would like to thank all of my chemometrics students, past and present, for
listening to me babble on about this stuff. Also I thank L. T. and C. M. for providing data for
this chapter. I also thank “OnTheHub” for providing access, at an affordable price, to various and
sundry statistical software packages.

References

Adèr HJ (2008) Chapter 13: missing data. In: Adèr HJ, Mellenbergh GJ (eds) Advising on research
methods: a consultant’s companion. Johannes van Kessel Publishing, Huizen

Cox DR, Small NJH (1978) Testing multivariate normality. Biometrika 65:263–272
Davies L, Gather U (1993) The identification of multiple outliers. J Am Stat Assoc 88:782–792
Draper NR, Cox DR (1969) On distributions and their transformation to normality. J R Stat Soc

Ser B (Methodol) 31:472–476
Faul F (2012) Gpower 3.1. Retrieved 10 July 2012. http://www.psycho.uni-duesseldorf.de/

abteilungen/aap/gpower3/download-and-register

http://www.psycho.uni-duesseldorf.de/abteilungen/aap/gpower3/download-and-register
http://www.psycho.uni-duesseldorf.de/abteilungen/aap/gpower3/download-and-register


7 Chemometrics and Medical Geochemistry: A Brief Tutorial 125

Goodman GE, Schaffer S, Bankson DD, Hughes MP, Omenn GS (2001) Predictors of serum
selenium in cigarette smokers and the lack of association with lung and prostate cancer risk.
Cancer Epidemiol Biomarkers Prev 10:1069–1076

Lockitch G (1989) Selenium: clinical significance and analytical concepts. Crit Rev Clin Lab Sci
27:483–541

Morrison SJ, Goodknight CS, Tigar AD, Bush RP, Gil A (2012) Naturally occurring contamination
in the mancos shale. Environ Sci Technol 46:1379–1387

Vermeesch P (2009) Lies, damned lies, and statistics (in geology). Eos Trans Am Geophys Union
90:443



Chapter 8
Dust, Metals and Metalloids in the Environment:
From Air to Hair

Gaetano Dongarrà, E. Tamburo, and D. Varrica

Abstract Billions tons of particulate matter, made up of inorganic and organic
compounds, are released every year into the atmosphere, from both anthropogenic
and natural sources. The latter, which include geogenic material from erosion,
agriculture, sea spray and volcanic activity, account for about 97% of the total
mass of particles. The contribution of anthropogenic sources, about 3%, is more
pronounced in industrialised and also in urban areas, where vehicular traffic is
one of the most important sources. When examining the health impact, in addition
to mass level and size, two other main characteristics of particulate matter need
to be considered: its nature and chemical composition. These parameters appear
intrinsically related to one another. Presence, abundance and behaviour of trace
metals in air are also closely related to atmospheric particulate matter, as most
metals in the lower atmosphere are present in association with particles. Most of
these aspects are presented and discussed in this present chapter as only a better
knowledge of atmospheric particulate matter, its composition, metal content and
some implications on the human health, may aid to select correct actions and
appropriate control strategies.
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8.1 Introduction

The American Environmental Protection Agency (EPA) has recently reported on
the risk of inhaling PM2.5 fine particles (EPA 2005). The Final EPA Staff Paper,
recommending stronger particle pollution standards, concluded that, in the USA,
meeting existing PM2.5 standards will prevent at least 15,000 premature deaths,
75,000 cases of chronic bronchitis, 10,000 hospital admissions for respiratory and
cardiovascular disease and hundreds of thousands of occurrences of aggravated
asthma. Similar concerns are present in Europe where it is estimated a loss in
statistical life expectancy of over 8 months due to PM2.5 in air, equivalent to 3.6
million life years lost annually (CEC 2005). Even with effective implementation
of current policies, this will only reduce to around 5.5 months (equivalent to 2.5
million life years lost or 272,000 premature deaths). Aerosol particles of less than
2.5 �m are also receiving worldwide attention, owing to their potential greater
negative consequences on public health, especially on that part of population living
in urban areas influenced by high traffic density or industrial activities. Recent
human activities have created, through nanotechnologies, nano-sized particles much
smaller than PM2.5 and characterised by larger and more reactive exposed surface
areas. These are the most dangerous particles because our immune system, which
developed to protect itself against larger particles, does not capture the smallest ones
and therefore has no efficient mechanisms for removing them. It has been estimated
that each of our breath contains roughly 5 � 107 million particles 50 nanometres
(nm) or less in dimension and that, during an average day, we inhale over 1012 such
particles (Buseck and Adachi 2008). All this gives emphasis to the risk of inhaling
particulate matter and points to the obvious potential for uptake of contaminants
of different nature. For these reasons, monitoring of PM, mainly PM10 and PM2.5,
has become a crucial part of public health policy measurements and regulations
in many countries around the world. However, air quality policies are typically
based only on the mass of these size fractions and do not take into account their
chemical composition. This constitutes an important point of weakness of current
policies when examining the health impact, in addition to mass level and size, two
other main characteristics of particulate matter need to be considered: its nature and
chemical composition. Thus, this manuscript, which is part of a lecture held at Capo
Granitola, Trapani (Italy), during the “Summer School on Medical Geochemistry.
Effects on Health of Geological Material Exposure. The geochemical approach”,
focuses on the still-evolving knowledge about atmospheric particulate matter, its
composition, its metal content and some implications on the environment.

8.2 What Do We Mean for Particulate Matter (PM)?

In the specialised literature, there is a certain degree of inconsistency over the
use and meaning of the term “particulate matter” especially with regard to the
distinction between particulate matter and aerosol. Here are some examples.
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Airborne particulate matter (PM) is a complex mixture of solid and liquid particles
of primary and secondary origin, which contain a wide range of inorganic and
organic components (Wiseman and Zereini 2010). Airborne particulate matters
(PM) are aerodispersed systems of solid and liquid particles with different sizes,
forms and chemical compositions (Spurny 2000). Aerosols are small particles of
solid or liquid ranging in size from clusters of a few molecules to about 20 �m
in radius (Berner and Berner 1996). Whereas an aerosol is technically defined as
a suspension of fine solid or liquid particles in a gas, commonly usage refers to
the aerosol as the particulate component only (Seinfeld and Pandis 1998). Solid
particles and liquid droplets – write Gierè and Querol (2010) – are collectively
referred to as particulates or particulate matter (PM). In contrast, the term aerosol
refers to both the PM and the gas in which it is suspended. For sake of clearness,
in this chapter, the term “particulate matter” will be used to indicate only the solid
fraction of aerosol.

8.3 Where Does It Come From?

Airborne particulate matter comes from different sources and processes, and
therefore, everywhere in the lower troposphere, there is a mixture of solid particles
of different origin. On a global scale, between 3.4 and 12 billion tons of particulate
matter, made up of inorganic and organic compounds, are released every year into
the atmosphere, from both anthropogenic and natural sources (Houghton et al. 1996;
Andreae and Rosenfeld 2008; Durant et al. 2010). There are many other estimates
existing in the literature (Junge 1979; Nriagu 1979; Chester 2000), and even the
large range indicated above is affected by considerable uncertainties associated to
all the flux sizes, especially regarding sea salt emission into the atmosphere. The
number of particles and mass concentrations is also highly variable, both in time
and space, covering the ranges 10C2 to 10C5 cm�3 and 1–100 �g m�3, respectively
(Pöschl 2005). The global atmospheric concentrations are strongly geographically
dependent and decrease exponentially with height with a profile described by

N.h/ D N.0/e�h=z (8.1)

with h (km) the altitude above ground in kilometres and z (km) the scale height
(z may vary from 10 to 6 in continental and urban air, respectively). During
winter, z may reduce to 2 in continental air (Hess et al. 1998). Particulate
matter originates from a variety of natural and man-made sources and enters the
atmosphere mainly by means of the following processes: (l) sea salt formation
caused by bursting and evaporation of bubbles at the sea surface, (2) ascent of
particles produced by mechanical alteration of rocks, (3) windblown desert dust, (4)
vo1canic eruptions, (5) dispersal of plant fragments and pollens, (6) fossil fuel and
biomass combustion, (7) residues from man’s activities produced by mechanical
destruction or transformation of solid materials, (8) road dust resuspension by
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Fig. 8.1 Estimates on the percentage of particulate matter introduced into the atmosphere from
natural and anthropogenic sources. Sea salt and mineral dust exhibit the largest contribution. Man-
made source accounts for about 3% of the total mass of particulate

automotive traffic and (9) reactions between gaseous emissions and among solid,
liquid and gas components of the atmosphere. Of course, anyone may individuate
more specific sources attributable to the above categories. It is commonly accepted
that airborne particles of natural origin considerably exceed the anthropogenic ones,
with the geogenic and biogenic airborne particles accounting for more than 90% of
the total mass of particles (Fig. 8.1). The contribution of anthropogenic sources,
although to a lesser extent, is more pronounced in industrialised and also in urban
areas, where vehicular traffic is one of the most important sources. However, it is
worth noting that it is not as simple as it seems to distinguish what is really of
natural origin from what is anthropogenic. Even this aspect of particulate matter
should be further studied as suggested by Andreae and Rosenfeld (2008) who write:
Natural source processes are not always easily distinguished from anthropogenic
ones. Vegetation fires, for example, have existed on Earth since the evolution of
land plants some 400 million years ago, but at present the vast majority of biomass
fires are caused by humans, and therefore pyrogenic aerosols must be considered as
mostly anthropogenic. In a similar way, mineral dust aerosols have been mobilized
in vast amounts from the Earth’s deserts throughout geological history, but the
human-caused destabilization of soils in arid and semi-arid regions has clearly
increased dust fluxes in many regions. Similar considerations were formulated by
Rasmussen (1998).
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8.4 Size and Toxicological Definitions

The grain size of airborne particulate matter is very often related to the amount of
energy spent during its formation process: the higher the energy – the smaller the
particle formed, and the lower the energy – the larger the particle (Breysse and Lees
2006). Dust particles of our interest are usually in the size range from below 1 �m to
less than 100 �m in diameter. However, as airborne particles have irregular shapes,
each specific fraction of PM is categorised according to the aerodynamic equivalent
diameter (AED) of the particles. AED is defined as the diameter of a hypothetical
sphere of density 1 g cm�3 having the identical settling velocity in calm air as
the particle in question. Being a function of particle diameter, density and shape,
AED determines the transport and removal rate of particles in air: coarse particles
have a short atmospheric lifetime and are quickly removed from the atmosphere
by gravitational settling, while the smaller ones, with submicron size, can have
lifetimes of several weeks. From a toxicological viewpoint, AED determines the
efficiency of particles to penetrate and deposit at different sites in the lung. Also in
this case, it is not difficult to find several types of classifications of airborne particles
among different specialists who deal with such a subject. With regard to human
exposures by inhalation, some size-dependent particulate fractions (Fig. 8.2), based
on the penetration of these particles in the various regions of the respiratory tract,
have been defined in CEN (1993) and also described by Nieboer et al. (2005) as
follows:

Inhalable or inspirable particulate fraction (AED < 100 �m) is that fraction of
total airborne particles that enters the body through the nose and/or mouth during
breathing and settle in the extrathoracic airways (mouth, larynx and pharynx).
Particles with aerodynamic diameter >50 �m, because of gravity, do not have a

Fig. 8.2 Classification (a) and particle deposition (b) within the different human regions of the
respiratory airways as a function of the aerodynamic diameter (Figures modified from Marconi
2003; ICRP 1994 and Vincent 2007)
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long atmospheric lifetime and settle with a terminal velocity >7 cm s�1 (WHO
1999). This fraction is relevant to health effects anywhere in the respiratory tract,
such as rhinitis, nasal cancer and systemic effects.

Thoracic particulate fraction (the PM10 fraction) is the inhaled particle component
which penetrates the airways of the lung (the region below the larynx). This
fraction includes coarse (AED 10–2.5 �m), fine (AED < 2.5 �m) and ultrafine
(AED < 0.1 �m) particles. It is relevant for asthma, bronchitis and lung cancer.

Respirable particulate fraction (PM2.5 fraction) indicates the inhaled particles that
deeply penetrate into the human respiratory system, beyond the alveolar region of
the lung, where the gas exchange takes place and where settling at the surface of
bronchi may occur. It is potentially related to the development of chronic diseases
as pneumoconiosis and emphysema.

Ultrafine fraction (UF), which has a cut-off of 0.1 �m, accounts for a small
proportion of the total mass level, but the particles are small enough to pass into
the bloodstream and because of their larger reactive surface area may induce severe
damages.

8.5 Nature and Chemical Composition

To define the chemical composition of airborne particulate matter, we like to recall
the expression used by Pöschl (2005) who properly emphasised the complexity of
airborne PM: “air particulate matter can be pictured as the result of an exploded
pharmacy, comprising just about any non- or semivolatile chemical compound
occurring in the biosphere, hydrosphere, and lithosphere, or released by human
activity”. Nevertheless, it is possible to distinguish airborne particles in inorganic,
carbonaceous, primary and secondary, depending on their nature and their formation
process, no matter whether they are coming from natural or anthropogenic sources
(Fig. 8.3).

Inorganic particles include mineral dust, sea spray-derived compounds, ammo-
nium sulphates and nitrates. The composition of airborne mineral dust generally
resembles the global composition of Earth’s crust, even though it may be strongly
influenced by local lithology and phenomena as windblown dust from arid and
semiarid regions (i.e. Saharan outbreaks in Europe and windblown from Gobi desert
in China). The main crustal minerals that make up a significant proportion of the
total mass of particulate are, therefore, feldspars, quartz, clay minerals, carbonates,
gypsum and halite. Oxides of various elements are also present. Sea salt makes a
dominant contributor to particulate matter concentrations, especially close to the
continental coasts, where “whitecaps” break generating droplets of seawater that
after evaporation produce airborne salt particles. They contain primarily sodium,
magnesium, chloride and sulphate ions. Having a residence time in air of about
3 days, sea salts can be advected over a long distance, further away from the
coast, for hundreds of kilometres. Just to give an idea, the annual average sea
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Fig. 8.3 Particulate matter classification according to physical, chemical and biological character-
istics

salt concentration above the European continent has been estimated in the range
0.3–13 �g m�3 (Manders et al. 2010). Carbonaceous particulate matter consists of
a complex mixture of elemental carbon (often called soot) and hundreds of organic
molecules, prevalently generated by natural and anthropogenic biomass burning, by
fossil fuel combustion and dispersal of vegetable and animal biological materials.

Primary particles are those emitted directly as particles into the atmosphere.
Secondary particles are formed in the atmosphere by gas-to-particle conversion
process: primary gaseous emissions that condense in the atmosphere, gas-phase
photochemical reactions of hydrocarbons, ozone and nitrogen oxides, yielding
secondary organic compounds, oxidation of sulphur and nitrogen oxides forming
the strong sulphuric and nitric acids that subsequently react with ammonia to give
solid ammonium sulphate and ammonium nitrate or with solid particles of CaCO3

and NaCl to form CaSO4 and NaNO3:

2NH3.g/ C H2SO4.l/ ! .NH4/2SO4.s/ (8.2)

NH3.g/ C HNO3.l/ ! NH4NO3.s/ (8.3)

2NaCl.s/ C H2SO4.l/ ! Na2SO4.s/ C 2HCl.l/ (8.4)
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CaCO3.s/ C H2SO4.l/ ! CaSO4.s/ C CO2.g/ C H2O.l/ (8.5)

NaCl.s/ C HNO3.l/ ! NaNO3.s/ C HCl.l/ (8.6)

CaCO3.s/ C 2HNO3.l/ ! Ca.NO3/2.s/ C CO2.g/ C H2O.l/ (8.7)

Nitrates, sulphates, ammonium salts and inorganic and organic carbon are the
most abundant species in the PM2.5 fraction. However, not all the particles dispersed
in air are isotropic, but many of them, especially the secondary ones, may exhibit
a different composition from the surface through the core. To calculate a global-
scale average chemical composition of airborne particulate matter is a meaningless
exercise as it depends on the source of provenance, on the grain size of particles, and
it also exhibits a composition influenced by climatic and meteorological conditions,
and therefore, it is highly variable in spatial–temporal terms. However, some general
considerations can be drawn from the vast literature existing on the subject. Here,
we report some relevant results achieved by Putaud et al. (2004, 2010) who have
reviewed data on chemical characteristics of particulate matter, from more than 60
natural background, rural, near-city, urban and kerbside sites across Europe. Among
their major conclusions we have to mention are:

• No common relationship between PM mass levels and PM chemical composition
has been recognised for all the study sectors of Europe.

• Mineral dust and sea salt are the prevailing components of the coarse fraction of
particulate matter (PM10–2.5).

• Mineral dust is also a major constituent of PM10.
• Sea salt was observed in PM10 as well as in PM2.5.
• Both PM10 and PM2.5 are generally made up of organic matter (OM), SO2�

4 and
NO�

3 ions.
• OM and black carbon (BC) as well as NHC

4 , NO�
3 and non-sea salt SO2�

4

contribute more to the fine fraction.
• The contribution of mineral dust to all PM size fractions is more important

in Southern Europe whereas the marine contribution to PM10 is larger in
Northwestern Europe. The contributions of SO2�

4 and NO�
3 to PM10 do not vary

much across Europe, compared to the gradients observed when moving from
rural to kerbside sites within each sector.

8.6 Trace Metals and Metalloids

Metals and metalloids (M&M) play an important role in sustaining life on our
planet, and without them, life could not exist. Similar to the other stable chemical
elements, they cannot be destroyed but migrate from an environment to another
according to their biogeochemical cycle. Sometimes, their pathway is controlled by
the biological activity, as in the case of methylation of Hg. All the M&M present
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in the periodic table may be found in the atmosphere as solid metal particles or
attached to the surface of other pre-existing particles, as fine liquid droplets or as
vapours and as organic and inorganic compounds. However, they are essentially
associated with airborne particulate matter, and even though they are present at only
trace levels (ppb), they may pose a hazard to human health because of their potential
exposure impacts.

There is a wide range of sources and release mechanisms for trace M&M into the
atmosphere. The most extensive natural sources are related to the crustal material,
eroded from the Earth surface, and to volcanic activity. Together they account for
about 80% of all the natural sources, with the remaining contributions furnished by
biogenic sources and forest fires (Nriagu 1990). Important anthropogenic sources
of M&M to atmosphere are fossil fuel combustion, municipal waste incineration,
industrial activity, buildings construction and vehicular traffic through exhaust and
no-exhaust emissions. The relative importance of each release source will differ
from site to site, but, excluding specific workplaces, the major impact is expected
in metropolitan areas where static and mobile pollution sources introduce large
amounts of metals and non-metals into the environment modifying the background
chemistry of the airborne particulate matter. Generally, human activities release
metals and metalloids proportionally more abundant in fine particles than in larger
particles. This does not seem to be related to the chemical properties of the elements
involved, but the explanation should be looked for mostly in the condensation
process of moderately volatile elements on pre-existing small particles having
greater surface-to-volume ratio than larger particles.

The residence time of metals in air, independent of their origin, is closely related
to the size of particles in which they are bound. Therefore, while soil-derived metals
are of little environmental concern because of their association with coarse particle
sizes, smaller-sized heavy metals, which remain in suspension for days or even
weeks, may have adverse health effects.

As an example, Fig. 8.4 depicts the comparison of metallic element concentra-
tions in road dust (<20 �m) and particulates PM10 and PM2.5 collected at suburban
and urban sites in Palermo (Italy).

Similar trace metal concentrations, however, may be observed in most cities
which agree with analogous socio-economic activities. Al and Fe, accounting for
about 70–80% of the total trace elements, are, among the analysed elements,
the most abundant (in the range 11,000–27,000 ppm and 3,000–32,000 ppm,
respectively) in all the different grain sizes and at both sampling sites, with Al
concentrations more prevalent at suburban site than at the urban site, while the
contrary occurs for Fe. To these elements, add in urban PM10 and PM2.5 Ba, Cu
and Zn, with concentrations varying from 1,000 to 2,000 ppm. Co and U are the
less present elements in all the specimens. Li, a typical crustal element, differs
significantly from the coarser road dust to PM, being two orders of magnitude
more abundant in road dust. Cr, Mn, Mo, Ni, Pb and Sb, trace elements known
to be mainly emitted by anthropic processes, show higher concentrations in urban
samples. It has to be noted that elements of definite crustal origin (Co, Fe, Li, Mn, Sr
and U) are not enriched with respect to local soil. Ba, Pb, As and Cr had enrichment
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Fig. 8.4 Comparison of metallic element concentrations in road dust (<20 �m) and particulates
PM10 and PM2.5 collected at suburban and urban sites in Palermo (Italy). Data for PM10 and PM2.5

from Dongarrà et al. (2007, 2010)

factor (EF) values of <100, and Cu and Mo EF values fell in the range 100–1,000
(for the meaning of enrichment factor, see Sect. 8.7.1). The highest EF value was
observed for Sb (EF > 1,000).

Among the trace elements predominantly found in road dust and known to be
hazardous to human health, lead (Pb) has been for decades the toxic metal of greatest
concern. It may be reassuringly to know that in the last 15 years, because of the
phasing-out of lead in gasoline, a continuous decrease in lead concentrations has
been observed in airborne particulate matter, although it is still present (Fig. 8.5).
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Fig. 8.5 Continuous decrease of lead concentrations (�g m�3) in PM10 monitored in Palermo
from 1999 to 2009. Lead concentrations in PM2.5 for the last 3 years are also reported for
comparative purposes

8.7 Fingerprint Tracers in Determining Dust, Metal
and Metalloid Sources

8.7.1 Elemental Tracers

Source identification and apportionment of pollutants is paramount in air quality
management. In apportionment studies to distinguish the source of particulate
matter and the origin of M&M in atmosphere, certain trace elements are commonly
used as characteristic indicators of natural or anthropogenic sources. Typical rare
earth element (REE) patterns have been used as markers to trace atmospheric
deposition of particulate matter (Dongarrà and Varrica 1998; Chiarenzelli et al.
2001). REEs identify a particular rock type and may be used as markers to determine
from which geological source or geographical area airborne particulate matter
might come. The underlying assumption is that the soil rock system has a unique
composition regarding the REE, a condition which is not always true. Dongarrà et al.
(2003) employed chondrite-normalised REE patterns in dust samples and Nerium
oleander leaves from the town of Messina (Italy) to document that the main mineral
components in leaves and dust had a common crustal origin and, as a consequence,
they ascertain the anthropogenic nature of some M&M (Au, Br, Cd, Cu, Mo, Pb, Pd,
Pt, Sb and Zn) found significantly in excess with respect to the baseline represented
by the average continental Earth’s crust.
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Fig. 8.6 Variations of Ni/Al and V/Al ratios along a transect from the Tyrrhenian coast of Sicily
to the Peloritani Mountains

Ni and V (Fig. 8.6) are tracers of high-temperature combustion processes as
those occurring in oil and coal burning and/or oil-refining industries (Dongarrà
et al. 1995). This is due to their concentration in fossil fuels where they, present as
petroporphyrins or as salts of organic acids, can reach levels two order of magnitude
higher than other trace metals. Incidentally, the abundance of vanadium in oils
derives from the marine organism, Ascidia gemmata, able to accumulate in its
vanadocytes large amounts of vanadium, in the form of hemovanadin, as high as
one million times the amount occurring in seawater. Selenium and arsenic can be
tracers of coal combustion (Plant et al. 2005) when a significant contribution of
natural sources (soils enriched in sulphide minerals) can be ruled out.

For a long time, due to the combustion of Pb-alkyl additives in gasoline, the
presence of lead in air has been interpreted as a strong evidence of environmental
pollution caused by automobile exhaust emissions. From the phasing-out of lead
from gasoline and the consequent significant reduction in emission of this element,
interest in other possible chemical markers of automotive traffic has been extended
to vehicular non-exhaust sources, such as tire wear, brake wear, engine corrosion
and catalytic converters. For this scope, Cu, Mo and Sb, in combination, may in
some cases be used as a fingerprint to trace traffic-related emissions (Fig. 8.7).

Monitoring of these elements in PM10 and PM2.5 in urban areas has revealed a
direct relationship of both their concentrations and enrichment factors with the mass
levels of particulate matter and also showed Cu/Sb ratios compatible with the same
ratio in brake wear and linings and quite different from that one in crustal material
(Sternbeck et al. 2002; Gomez et al. 2005; Smichowski 2008; Dongarrà et al. 2009).
Pt, Pd and Rh belong to a new generation of metallic pollutants of atmosphere
as the introduction of catalytic converters in cars has lead to an increase of these
elements in the lower troposphere, especially along roadsides in areas affected by
intensive vehicle traffic (Zereini and Alt 2000 and articles therein). Although Pt, Pd
and Rh deposition due to emissions from catalytic converters is still limited, besides
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Fig. 8.7 New tracers of metal pollution derived from vehicular traffic. Relationships between Sb
and Cu concentrations in PM10 and PM2.5 collected at Palermo. Typical Cu/Sb ratios are also
reported for comparative purposes: brake wear 2–4, PM10 4.0, PM2.5 4.4; road dust (<20 �m) 14;
continental crust 83

to have a significant impact on the urban environment, it has been demonstrated that
their concentrations in airborne particulate matter may be robust indicators of motor
vehicle emissions.

Comparison of elements in the atmosphere with those present in any other natural
source leads to the enrichment factor EF defined as

EFX D
�

X
Re f

�
atm�

X
Re f

�
source

(8.8)

where X is the element of interest and Ref is the reference element; atm indicates the
analysed particulate matter while source is regarding the average concentrations of
X and Ref in the source of comparison. Generally, Ref is chosen among elements of
definitely natural origin (e.g. Al, Si, Sr, Sc, Ti if the reference source is the Earth’s
crust and Na for a comparison with seawater). Applications of EFs may be amply
found in literature, but it is important more important to recall the caution needed in
its use because of the intrinsic limits and the several factors that affect its variance.
According to the above algorithm, an element is considered geogenic when its
enrichment factor is around 1, while any value over one should denote an enrichment
of X in the analysed sample. Reimann and De Caritat (2000) indicated some
shortcomings of EFs that must be accurately evaluated before drawing conclusions
from the computed EFs as (a) the variable composition of local substrates compared
to the average crust, (b) the great variability in trace element contents of rocks of
even similar bulk composition (Güllü et al. 2005), (c) the fractionation of elements
during their transfer from the natural source to the atmosphere and (d) the impact
of biogeochemical processes. Varrica et al. (2000) also indicated the experimental
error in analytical determinations as a further factor that may increase the variance
of the enrichment factor. Nevertheless, when properly used, the EF constitutes a
valid tool to trace the provenance of some elements.
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8.7.2 Isotopic Signatures

Particles occurring as dust in the atmosphere contain chemical elements that
generally retain the isotopic composition of their source. When naturally occurring
and anthropogenically introduced elements have significantly different isotope
ratios, the circumstance provides a convenient approach for studying and tracing
the sources and pathways of dust and metal pollution in atmosphere. This method
has been widely used with Pb, Sr and Nd. More specifically, Sr and Nd isotopes
(87Sr/86Sr and 143Nd/144Nd, respectively) have been used for mineral dust source
identification as they allow the distinction of dust generated from young volcanic
areas and old continental shields as well as to distinguish dust from different source
regions (Grousset and Biacaye 2005; Lahd Geagea et al. 2008). In this study, the
researchers, by combining data on Nd isotopes and backward trajectory, recognised
in either western Libya or northern Mauritania the main source areas of Saharan
dust which frequently deposits over Europe.

Similarly, isotope ratios of lead (206Pb/207Pb, 208Pb/207Pb) in particulate matter
of geogenic origin are different from those of lead released into the atmosphere
by anthropogenic activities. Thus, an effective discrimination between natural and
man-made Pb inputs has been assisted, for the last decades, by measurement of
variations in Pb-isotope ratios. An overview of literature published on the use of
Pb isotopic analyses of different environmental matrices, including atmospheric
dust, has been recently furnished by Komárek et al. (2008). However, with the
phasing-out Pb added as an anti-knock compound in gasoline, the possibility of
using lead radiogenic isotopes to demonstrate the anthropogenic input of this metal
into the atmosphere has been drastically reduced. Nevertheless, they still have the
potentiality to trace significant transboundary atmospheric transport or to trace the
atmospheric dispersal of Pb in mining areas. For example, Pb-isotope ratios have
been successfully used by Erel et al. (2002, 2006) to deduce that Pb in atmospheric
aerosols sampled in Jerusalem (Israel) originated from Turkey, Egypt and Eastern
Europe. Doucet and Carignan (2001) proved that even Pb from dust originating from
Sahara contributes significantly to the isotopic composition of Pb in atmospheric
particles that reach Europe.

8.7.3 Speciation of Trace Metals in the Environment

It is the accurate knowledge of the chemical form of a metal (or metalloid) that
provides information on its possible biological implications. Unfortunately, the
term “speciation” has assumed in the chemical terminology a number of different
meanings. One, prevalently employed in soil science, is regarding to which soil
phase the metals are bound. The considered soil phases are generally categorised
as follows: (a) exchangeable metals, (b) metals bound to carbonates, (c) metals
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bound to iron and manganese oxides, (d) metals bound to organic matter and (e)
metals in residual fraction (Tessier et al. 1979). This is because the distribution of
an element among different mineralogical phases profoundly affects its mobility
and availability and may help in understanding some aspects of its biogeochemical
cycle. In fact, a labile fraction of the particle-bound metals is considered to be more
readily available to living organisms than a resistant fraction. Heal et al. (2005)
showed that in urban atmospheres, the water-soluble form is the dominant fraction
of PM2.5-bound heavy metals. Example of such studies may be found in Smichowski
et al. (2005), Manno et al. (2006), Samontha et al. (2007), Rao et al. (2008) and Feng
et al. (2009).

Another meaning of the term speciation is concerning specific form of an element
defined as to isotopic composition, electronic or oxidation state and/or complex
or molecular structure (Templeton et al. 2000). This second approach is relevant
not only because the toxicity of some elements depends greatly on oxidation state
(CrC6 and AsC3 are much more toxic than CrC3 and AsC5) but also as the chemical
form of an element may be a fingerprint in the process of source identification and
apportionment in PM investigations (Huggins et al. 2000). Only a few studies have
been conducted to this end. Up to now, one of the best and most powerful ways
to investigate chemical speciation in solids is the x-ray absorption spectroscopy
technique (XAS) which provides information on the oxidation state and local
structural environment that surrounds the absorbing atom, allowing the recognition
of natural and anthropogenic sources which contribute to the presence of some
metal species into ambient air. XAS (divided in EXAFS and XANES) can be
used regardless of the crystalline and noncrystalline form of the sample (Penner-
Hahn 1999).

Wang et al. (2007) obtained the XANES spectra of Cr, Mn, Cu and Zn in
PM10 and PM2.5 samples collected in Shanghai. Their main conclusion was that
the analysed samples exhibited similar speciation patterns independently of particle
size. Varrica et al. (2013) carried out XAS analysis on samples of wheel rims dust,
road dust and atmospheric particulate matter. They revealed that the specimens
contained an admixture of Sb(III) and Sb(V) oxides in different relative abundance,
compatible with a scenario where road traffic heavily contributes to the total content
of Sb in urban atmosphere (Fig. 8.8).

8.7.4 Why Do We Concern So Much for M&M in Air?

The risk of health problems associated with exposure to metals and metalloids
present in airborne particulate matter has been the target of a large number of
toxicological and epidemiological studies (Goldoni et al. 2006; Kawata et al. 2007;
Lippmann et al. 2006). Although, until now, it is difficult to make firm conclusions
attributing, in absolute manner, to specific components of PM the responsibility for
the observed negative health consequences, some metal particles seem to be able
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Fig. 8.8 Comparison of K-edge XANES spectra of particulate matter PM10 PM2.5 and road dust
(<20 �m) collected in Palermo with samples of brake linings, wheel rim dust and reference
compounds

to cross the cell membrane affecting biochemical mechanism. Methylate forms of
Hg can cause neurotoxicity; lead is known to induce toxic effects on the central
nervous system, especially in children; an excess of copper may cause toxicity to
liver cells; accumulation of aluminium in critical parts of brain seems to be involved
in Alzheimer’s disease; and a number of metals, such as Be, Cd, Cr and Ni, are
considered human carcinogens (Nordberg and Cherian 2005). The toxic effects of
metals may act on specific target organs or induce specific functional changes. Much
of the damage produced by toxic metals derives from the formation of oxidative
free radicals, such as hydroxyl radical (HO•), superoxide radical (O��

2 ) or hydrogen
peroxide (H2O2), which induce various modifications to DNA bases, enhances lipid
peroxidation and alters calcium and sulfhydryl homeostasis (Ercal et al. 2001; Valko
et al. 2005). Free radicals (sometimes named reactive oxygen species, ROS) have
a much greater reactivity with intracellular nucleophiles than molecular oxygen
from which they are derived with the complicity of metals. Mechanisms involving
the Fenton reaction, generation of the superoxide radical and the hydroxyl radical
appear to be involved for a large number of metals:

Fenton and Haber – Weiss-like reactions of metals

MenC C H2O2 ! M.nC1/C C OH� C �OH (8.9)

O��
2 C H2O2 $ OH� C �OH C O2 (8.10)
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further propagation

RH.lipids; proteins; DNA/ C OH� ! R�
.lipids; proteins; DNA/ C H2O (8.11)

R�
.lipids; proteins; DNA/ C O2 ! ROO� (8.12)

ROO� C RH.lipids; proteins; DNA/ ! ROOH C R�
.lipids; proteins; DNA/ (8.13)

Metals can also increase the acidity of the blood which, in turn, affects calcium
homeostasis provoking calcium to be drawn from bones. Furthermore, M&M can
stimulate or increase allergic reactions and compete with other essential trace metals
for biochemical bond sites.

Toxic metals and metalloids would tend to accumulate if there were no mecha-
nisms or routes devoted to excrete them from our body. Major routes for excretion
are the kidney and liver, while less important with respect to reduction of the total
body burden are the biological fluids saliva, tears and urine as well as tissues such as
nails and hair. Nevertheless, these last minor routes allow non-invasive methods to
assess people’s exposure to toxic M&M. Hair, more than nails, has been employed
in evaluating past and continuous exposure to high levels of metals (Bache et al.
1991; Ashraf et al. 1994; Batzevich 1995; D’Ilio et al. 2000; Lee et al. 2000;
Violante et al. 2000; Chojnacka et al. 2005, 2006a, b, 2010a; Sanna et al. 2008;
De Prisco et al. 2010). Although several justified critical points still exist such as
interpretation of results of hair analyses (Nowak and Chmielnicka 2000; Sanna
et al. 2003, 2011; Chojnacka et al. 2006b, 2010a, b; Kempson and Lombi 2011),
here, we wish showing how environmentalists could benefit of the latent capacity
of such tool in identifying areas which require attention for the potential exposure
of resident populations to metals and also to ascertain occupational exposure.
Dongarrà et al. (2012) demonstrated the capacity of human hair to uptake metals
from the surrounding environment providing a comparison of the trace elements
content in human scalp hair from young individuals living in several areas of
Sicily characterised by different environmental conditions. The metal profiles in
hair samples collected from different areas appeared to be consistent with the
geographical situation of major sources of contamination, i.e., volcanic and mine
areas, industrial zones and rural environment. Figure 8.9 shows the significant
differences in lead and arsenic between the town of Palermo and Pace del Mela
and Antillo, respectively. Pace del Mela is a small town in northeastern Sicily
(Italy) on the Tyrrhenian coast in the province of Messina. This is an area of
high environmental risk, due to the presence of the large petrochemical industry of
Milazzo; Antillo is a small country town in the mineralised area of the southeastern
sector of the Peloritani Mountains (northeastern Sicily, Italy). This area is site of
polymetallic mineralisation where large-scale mining was practised in the past.
Figure 8.9 also shows the higher content of vanadium in hair samples from
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Fig. 8.9 Differences in vanadium, arsenic and lead concentrations (�g g�1) in hair samples of
young students collected at Palermo, Nicolosi (Etna volcano), Antillo–Fiumedinisi (mining area)
and Pace del Mela (industrial area)

young people living in Nicolosi (southern flank of Mt. Etna), probably due to the
high content of vanadium in local groundwaters used for irrigation and human
consumption.

8.8 Conclusions

We have presented some arguments concerning the study of airborne particulate
matter, some well known and some others that deserve more deep attention,
although we are confident that:

• Many questions remain unanswered.
• Other questions have triggered more questions.
• Many important questions have yet to be asked.

But that is the core of research.
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Chapter 9
Metal Geochemistry of a Brackish Lake:
Étang Saumâtre, Haiti

Alex Eisen-Cuadra, Alan D. Christian, Emmanis Dorval,
Bryanna Broadaway, Josi Herron, and Robyn E. Hannigan

Abstract Étang Saumâtre (also known as Lac Azuéi, Lago del Fondo, or Yainagua)
is a brackish lake located in eastern Haiti. Sources of irrigation and drinking
water for the surrounding communities in Thomazeau, Ganthier, and Fond Parisien
are freshwater springs and shallow wells tapping the complex fractured aquifer
system surrounding Étang Saumâtre. In some groundwater samples, we found
concentrations of trace metals exceeding World Health Organization guideline
values. Lake sediment trace metal concentrations were also high. For example,
chromium (Cr) ranged from 26.24 to 198.44 mg/kg, exceeding the USEPA sediment
quality guideline value for heavily polluted. High concentrations of potentially toxic
trace metals in both lake sediments and groundwater suggest that the population
relying on this lake for drinking water, irrigation, and subsistence fishing may be at
risk for metal-induced health effects. By understanding the geochemical behavior of
redox-sensitive trace metals such as Cr, in the context of limnology and long-term
fate and transport within the system, our results provide unique insights into the
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geochemical controls on remobilization of redox metals from the sediments and the
potential impact of future environmental change on the sediment and water quality
in this system.

Keywords Trace elements • Redox chemistry • Groundwater • Drinking water •
Closed-basin • Sediment geochemistry • Transition metals

9.1 Introduction

Anthropogenic activities and global change phenomena continue to have significant
impacts on the geochemical cycling of trace metals (Xu et al. 2011; Doney et al.
2009; Gąsiorowski and Sienkiewicz 2010). In recent decades, surface water quality
of many lakes, rivers, and coastal oceans around the world has worsened in part
due to land-use practices and changes in the hydrologic balance (Li et al. 2009;
Carpenter et al. 1998; Liu et al. 2003). Hydrologically, closed-basin lakes are
particularly susceptible to changes in land use and climate. Closed-basin lake
sediments record changes in both land use and land cover as well as larger-scale
changes in climate and act as sinks for both dry and wet deposition (Galloway
et al. 2008; Smith et al. 2011). In these lakes, input is primarily from precipitation,
runoff (overland flow) and groundwater, and output is solely through evaporation.
Since these lakes are evaporitic, their salinity is maintained by input–output
relationships. As land use and climate changes occur, input may exceed output
leading to freshening and, as such, to changes in metal speciation. Interactions
between sediments and lake water, as well as groundwater, have the potential to
remobilize materials deposited years prior, making the lake-sediment-groundwater
interface a critical zone for evaluating trace metal mobility patterns. As trace metal
mobility directly impacts bioavailability, it is crucial to understand the dynamics
of such processes and evaluate the potential consequences they may have on
human health.

Trace metals such as arsenic (As), chromium (Cr), copper (Cu), lead (Pb),
and zinc (Zn) are deposited through dry and wet deposition. Important sources
include anthropogenic effluent and emissions, mineral weathering processes, and
the washing of soil particles transported in runoff from the terrestrial watershed
(Salbu and Steinnes 1995). Trace metal concentrations vary depending on the
natural abundance, intensity of precipitation events, and land-use practices in the
region. Additionally, sedimentary particles are an important consideration because
their affinity to adsorb trace metals varies depending on the surface area, grain
size, specific gravity, magnetic properties, etc. (Horowitz 1991). Trace metals
accumulate within lake sediment over time, thereby providing a temporal record
of land use/climate change. Since sediment quality guidelines specific to trace
metal concentrations have been developed, we are able to use these guidelines to
retrospectively evaluate changes in the lake ecosystem.
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Fig. 9.1 The sedimentary redox cycle of Cr (Adapted from Kotaś and Stasicka 2000)

Sediment quality guidelines provide a basis for identifying contaminants of
concern in aquatic ecosystems and predicting adverse effects on aquatic and human
life (MacDonald et al. 2000). Toxic trace metals can bioaccumulate and pose
significant threats to human health. If toxic trace metals from polluted sediment
are resuspended via changes in redox conditions, dredging, storms, etc., it can
impact many species that live in the lake (USEPA 2012a). Hence, sediment quality
guidelines allow researchers to compare results from multiple systems to better
predict health outcomes (Ingersoll et al. 2001; Edward 2006).

While a number of potentially toxic trace metals are evaluated in this chapter, we
focus much of our discussion on Cr. Cr accumulation in groundwater, lake water,
and sediments is expected to correlate with mineral weathering processes, natural
environmental inputs from the region, and anthropogenic activities (Farmer and
Lovell 1986; Jordão et al. 1997). Cr may be deposited in sediment via precipitation
of Cr(OH)3(s), in aerosol form through atmospheric deposition, as aqueous Cr2C/3C
in runoff, or as aqueous or solid Cr2C/3C or Cr6C through waste disposal or in
leachate from various urban, industrial, and agricultural activities (Luo et al. 2010;
Salbu and Steinnes 1995). Once in system, metal addition, absorption, desorption,
dissolution, substitution, etc. are expected to follow traceable paths with respect to a
given set of redox conditions, divalent metals, pH, Eh, temperature, and availability
of elements involved in the cycling of Cr, such as Fe- and Mn-oxyhydroxides
(Fig. 9.1).

Cr is a redox-sensitive trace metal with varying toxic effects depending on the
oxidation state. It is most commonly found in the environment as Cr(III) and Cr(VI)
(Schüring 2000). These two species are significantly different in physicochemical
properties and biochemical reactivity. Cr(III) is typically found as an oxide,
((FeCr)2O3) (Salbu and Steinnes 1995), and is more stable in reducing environments
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Fig. 9.2 Map of Étang Saumâtre, Haiti (latitude D 18.5975ı and longitude D �72.0147222ı) and
the groundwater (*) and lake sediment (X) sampling site. Note: some groundwater samples taken
from water wells used by the local inhabitants (NW1, NW2, and NW3) are in close proximity to
each other and thus indicated by a single asterisk

than Cr(VI) (Langard and Schrauzer 1984). Cr may enter the human body under
physiological conditions through inhalation and ingestion, followed by uptake in
the gastrointestinal tract, and under pathological conditions via skin absorption
(Langard and Schrauzer 1984). Rates of uptake depend on the valence state, water
solubility, pH, and length of exposure. Hence, understanding the controls on Cr
cycling and the potential for redox transformations within environmental systems is
crucial when considering potential effects on human health (Fendorf et al. 2000).

9.1.1 Setting

This chapter focuses on Étang Saumâtre (Fig. 9.2), an alkaline brackish lake located
in eastern Haiti, �45 km from the capitol Port-au-Prince. The lake lies in a pull-apart
basin in the Enriquillo-Plantain Garden Fault Zone (Mann et al. 1983; Calais et al.
2010) and is approximately 21.8 km in length, 10.2 km at its widest, and 25 m at its
deepest. Étang Saumâtre is the largest lake in Haiti and provides crucial ecosystem
goods and services to the Haitian population, especially to the regional inhabitants.
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Étang Saumâtre is actively fished, supporting the dietary needs of local commu-
nities and sustaining important economic niches through the sale of fish on local
markets (Dorval, pers. comm., 2011). Haitians as a whole reportedly suffer from a
lack of protein in their diet, and in response, a plan to enlarge Haitian fisheries was
suggested to help increase the consumption of high-quality protein (Sebrell et al.
1959). During a sample collection trip in 2011, a local community leader reported a
steady decline of catch at Étang Saumâtre in recent years (personal communication,
May 28, 2011).

Land use/land cover varies around the lake. The mountains that surround Étang
Saumâtre are mainly limestone, and they are actively mined in the southeastern sub-
basin for building materials to construct homes and other infrastructures (Hadden
and Minson 2010). This mining activity, and the denudation associated with it, leads
to increased surface runoff during precipitation events. In the northwestern sub-
basin, water is pumped from the lake to local farms and used for livestock as well
as irrigation of crops such as onions, coffee, garlic, and sugarcane. Due to the land
use in this area, runoff is more likely to contain agrochemicals and other potential
contaminants associated with farming.

Sources of irrigation and drinking water for the surrounding communities of
Thomazeau, Ganthier, and Fond Parisien include freshwater springs and shallow
groundwater tapped by hand-dug wells. The aquifer system in this region is complex
and fractured, comprised of quaternary sands and clays underlain by fractured
limestone. Due to enhanced intensity and frequency of storms, lake levels have been
increasing to the extent that many formally habitable areas are now permanently or
seasonally flooded leading to displacement of the local population. Additionally,
several homes that were built by nongovernmental organizations to house Haitians
displaced from Port-au-Prince as a result of the January 12, 2010 earthquake are
now permanently flooded and uninhabitable (Dorval, pers. comm., 2011).

Deforestation makes the region more vulnerable to hurricanes and tropical storms
due to less protection against strong winds, floods, and mud slides (Bueno et al.
2008). Trace metal mobility may be concurrently augmented, likely resulting in
worse sanitation conditions due to limited water supplies and contaminated water
from floods, placing even greater demand on an already stressed public health
system. Energy and food security are also at greater risk, and fisheries and coral reef
habitats will likely transform as a result of salinity, temperature, and pH variations.

9.1.2 Temporal Changes in Land Use/Land Cover and Climate

Land use and land cover have changed over the past century in the region
surrounding Étang Saumâtre, and climate change also has impacted this system.
Using the sediment record of the lake, it may be possible to evaluate the long-term
impacts of these changes on sediment and water quality and in so doing develop
an understanding of the potential impacts on human health. Exposure to high
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concentrations of contaminant trace metals affects survival, fecundity, reproductive
success, and growth of aquatic organisms. Changes in the bioavailability of trace
metals and biomagnification of these contaminants can lead to harmful impacts
on human health. A several thousand year record of Lake Miragoane, Haiti,
documented various deleterious impacts on vegetation and lake level fluctuations
in Haiti due to human activities and climate influences (Higuera-Gundy et al. 1999).
Using lake sediment and groundwater trace metals, our data elucidate the impact of
regional land use/land cover changes on the lake system, specifically the impact of
these changes on the geochemical fate of potentially toxic trace metals.

Reconstruction of the environmental history of Étang Saumâtre requires accurate
age dating of the sediments. Using age dating techniques (137Cs and 210Pb), the
delivery and deposition of potentially toxic trace metals over time can be evaluated.
Changes in precipitation and anthropogenic activities in the watershed related
to agriculture, sewage runoff, deforestation, etc. will likely result in changes in
trace metal and terrestrial organic matter input. Deforestation and enhanced storm
intensities are expected to increase surface runoff and accelerate erosion. This
enhances the delivery of allochthonous material to the lake such as soil nutrients,
organic matter, and inorganic matter – ultimately changing the composition of the
lake sediment (Rosenmeier et al. 2004).

Given that we expect trace metal concentrations to track, to some extent, changes
in land use and climate, we can use their concentrations to retrospectively evaluate
changes in sediment quality and elucidate potential hazards. A comparison of
sediment trace metal concentrations to accepted sediment quality guidelines (SQG)
can be used as a reference (Giesy and Hoke 1990; MacDonald et al. 2000; Luo et al.
2010). Based on these guidelines, we can classify “time periods” as non-polluted,
moderately polluted, or heavily polluted.

Since the bioavailability and toxicity of trace metals is governed, to a large extent,
by redox chemistry, we use a redox-sensitive rare earth element (REE), cerium (Ce),
to reconstruct the redox history of the sediments (McLennan 1989). The relative
abundance of Ce relative to its neighbors lanthanum (La) and praseodymium (Pr)
is based on the degree of oxygenation of the water column as well as the sediment
pore waters. Under reducing conditions, Ce3C will behave similarly to the other
trivalent REE, but under oxidizing conditions, Ce4C will precipitate from solution
through adsorption onto organic particulates and/or Fe- and Mn-oxyhydroxides. As
a result, oxidized waters show a relative depletion in Ce defined as the cerium
anomaly (Holser 1997; Schroder and Grotzinger 2007). Varying redox conditions
in groundwater and changes in lake circulation (e.g., down welling) may lead to
changes in local nutrient and oxygen gradients, which could affect coagulation
of clays, leading to differential complexation of the REE, ultimately influencing
(Ce/Ce*)N , ˙0.1, where (Ce/Ce*)N D (CeN /0.5*(LaN C PrN)), normalized (N) to
the upper continental crust (UCC) (Taylor and McLennan 1985).
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9.2 Methods

9.2.1 Sample Collection

We collected groundwater and sediment samples around and within Étang Saumâtre,
Haiti, respectively (Fig. 9.2). Four groundwater samples were collected from
hand-pumped wells in polypropylene containers in May 2010. Three groundwater
samples were from adjacent sites in the northwestern sub-basin, and one ground-
water sample was from a well of the western side of the southeastern sub-basin
(Fig. 9.2). Groundwater samples were filtered through 0.45-�m filters and acidified
to pH < 2 using ultrapure trace metal grade HNO3.

In May 2011, a sediment core from the central sub-basin of the lake (Fig. 9.2)
was collected using a 50.00 cm length � 5.95 cm diameter cylinder sleeve, with an
Uwitec Corer, equipped with hammer action and automatic core catcher to preserve
stratification. After collection, the sediment core was sliced in field into 1-cm
sections and dried under ambient temperature. Sediment samples were placed into
individually labeled and sterilized Whirl-Paks® and shipped to the laboratory under
the United States Department of Agriculture Animal and Plant Health Inspection
Service permit number: P330-10-00064. Samples were shipped within 1 week and
arrived approximately 3 weeks later. Upon arrival, samples were immediately stored
at �15ıC. Samples were heated at 65ıC for 24 h prior to preparation for analysis.
Dried sediment samples were stored in new sterilized Whirl-Paks® and stored in the
dark until analysis.

9.2.2 Analytical Methods

All analyses were performed at the University of Massachusetts Boston Environ-
mental Analytical Facility. After sediment samples were dried at 65ıC for 24 h, and
prior to all analyses, sediment samples were ground into a homogenous powder.
For trace metal and REE analysis, samples were acid digested following standard
methods (Hannigan and Sholkovitz 2001). In brief, 50.0-mg samples were digested
at 70ıC for 48 h in 4 mL of 3:1 ultrapure trace metal grade HNO3 to pure plasma
H2O2. Samples were dried at 70ıC and then resuspended in 4 mL of ultrapure trace
metal grade HNO3, capped and digested again at 70ıC for 24 h. Samples were dried
at 70ıC and resuspended in 1 mL of ultrapure trace metal grade HNO3 and brought
to a final volume of 50 mL (gravimetrically) with �18.2 M�-cm water. Trace metal
concentrations were quantified by external calibration internal standardization using
USGS SDO-1 (Ohio Devonian Oil Shale) and spiked with an internal standard, i.e.,
20 ppb 115In (Nassef et al. 2006). Samples were analyzed by inductively coupled
plasma mass spectrometry (ICP-MS; PerkinElmer ELAN DRC II).

Method detection limits (MDL) are calculated for trace metals in sediment. MDL
is defined as “the minimum concentration of a substance that can be measured and
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reported with 99% confidence that the analyte concentration is greater than zero”
(USEPA 2012b). MDLs are calculated by taking the standard deviation of the seven
standard sample MDLs and multiplying them by the student t-value. In this case, for
seven samples, and six degrees of freedom, the t-value at a 99% confidence interval
equals 3.143.

MDL D .Standard deviation/ .t � value/ D .Standard deviation/ .3:143/

The calculated MDL for As, Cr, Cu, Pb, and Zn were 0.008, <0.001, 0.007,
0.005, and <0.001 mg/kg, respectively.

Radiometric age dating of bulk sediment samples was made based on a constant
rate of supply model. Samples were analyzed by gamma spectroscopy using a
CANBERRA WELL Germanium Detector equipped with CANBERRA Genie
2000 MCA microprocessor (Zhu and Olsen 2009). Each sample was counted until
percent error dropped below 10% and representative peak analysis reports could be
generated (Schelske et al. 1994).

All maps were made with ArcGIS 9, all statistical analyses were conducted using
Minitab 16, and all figures were made with SigmaPlot 11.0.

9.3 Results and Discussion

9.3.1 Radioisotope Dating

Sediment core age dating was calculated based upon radiocesium (137Cs) major
(28.50 cm) and minor (10.50 cm) peaks and the date of sediment core collection,
2011.4667 C.E D 0.00 cm. 137Cs is present in the global environment due to atomic
bomb testing since 1954, peaking around 1962/1963, as well as the 1986 Chernobyl
disaster (Kendall and McDonnell 1998; Robbins and Edgington 1975). The rate of
sedimentation for the central sub-basin D 0.59 cm/year (Fig. 9.3).

Sediment focusing in this area of the basin precluded use of 210Pb for dating; thus,
we relied on 137Cs for reconstruction of the changes in geochemistry. A sediment
core (�753 cm in length) from Lake Miragoâne, Haiti, was dated using multiple
techniques at different depths, e.g., 210Pb, organic 14C, and carbonate 14C (Binfordll
and Dorsey 1991). Based on corrected ages, this sediment core has an average rate of
sedimentation equal to �0.05 cm/year. The differences between our sedimentation
rates and theirs may reflect different age dating techniques, the length of each
respective core, different locations, a general increase in the rate of sedimentation in
recent years, etc. For example, the rate of sedimentation of the sediment core from
Binfordll and Dorsey 1991 between 22 and 8 cm is equal to �0.25 cm/year. This
suggests that recent changes over the past 20 years associated with land use/land
cover and climate may have occurred, such that a constant rate of supply model
may not be appropriate over long time periods.
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Fig. 9.3 137Cs depth profile of the central sub-basin sediment core. 137Cs peaks occur due to
atomic bomb testing peaking around 1962/1963 and the 1986 Chernobyl disaster. The relation
between 137Cs and depth is linearly expressed as y D �1.7032x C 2,009.1, with an R2 D 0.9663

Over the past 50 years, the Earth’s surface has warmed �0.5ıC (IPCC 2007),
which is expected to have intensified the global water cycle by �4% because warmer
air can absorb and redistribute a greater amount of water (Durack et al. 2012; Allen
and Ingram 2002. Proxies of this phenomena are expected to be most notable in
the trade-wind belts, 18–26ı, where evaporation is highest and relative humidity is
lowest (Sharp 2007). An increase in precipitation may increase sediment deposition
rates due to weathering processes and increased runoff (Salbu and Steinnes 1995).

9.3.2 Sediment Quality Analysis

We measured five trace metals (As, Cr, Cu, Pb, and Zn) and interpret the deposition
in each sediment core section. The highest concentrations of our five target trace
metals occur toward the top of the sediment core (more recently), whereas lower
concentrations and greater stability occur toward the bottom of the core (Fig. 9.4).
The average concentration of trace metals As, Cr, Cu, Pb, and Zn across all sections
of the core ranged from 0.88, 70.11, 10.65, 2.02, to 9.03 mg/kg, respectively
(Fig. 9.4). Maximum trace metal concentration values for all analytes are at least
double their respective minimum concentration values.
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Fig. 9.4 Sediment profile of selected trace metals [As, Cr, Cu, Pb, and Zn (ppm)] since �1925.
For the trace metals presented here, n D 43, except Zn (n D 32) because only 32 samples had
detectable levels

Three of the five elements, As, Pb, and Zn, fall within the non-polluted
concentration range throughout the sediment cores’ captured history (Figs. 9.4 and
9.5; Table 9.1). For all three of these elements, the highest concentrations occur
toward the top of the core suggesting an increase in depositional flux in recent years.
Pb concentrations have been steadily increasing since �1950, which is a common
trend observed in sediment cores throughout the world (Li et al. 2012; Fagel et al.
2010). The observation of increasing Pb concentrations is attributed to an increase
in fossil fuel combustion, but isotopic Pb data is needed to more pointedly determine
the source of pollution.

Meanwhile, the remaining two elements, Cu and Cr, had noteworthy sediment
core concentrations. Cu had increasing concentrations from the bottom to the top of
the core, which generally falls under the non-polluted range except for a brief time
around 2004 (Fig. 9.4; Table 9.1). In 2004, Cu briefly enters the moderately polluted
index but then shifts back to the non-polluted index.

Cr concentrations are within the moderately polluted index for the 1920s to
1990s sections. However, since 1990, Cr deposition in the lake has increased to
levels above the heavily polluted sediment threshold value (USEPA Guideline
Values; Table 9.1). Furthermore, between 2003 and 2008, Cr concentrations are
two times higher than the USEPA guideline value for heavily polluted sediment.
Cr concentrations at these elevated levels are known to have deleterious effects on
aquatic life and may translate into nocuous impacts on human health (Langard and
Schrauzer 1984; Nriagu and Nieboer 1988).
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Table 9.1 USEPA sediment quality guideline values proposed by Giesy and Hoke
(1990) for selected trace metals

SQG USEPA As (ppm) Cr (ppm) Cu (ppm) Pb (ppm) Zn (ppm)

Non-polluted <3 <25 <25 <40 <90
Moderately polluted 3–8 25–75 25–50 40–60 90–200
Heavily polluted >8 >75 >50 >60 >200
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9.3.3 Redox Chemistry of Lake Sediment

Because Cr appears to be the element of most immediate concern, understanding
Cr cycling and the potential for redox transformations is essential to determining
possible effects on human health because the bioavailability and toxicity of trace
metals are largely controlled by redox chemistry (Fendorf et al. 2000). The majority
of the REE does not have redox chemistry with the exception of Ce and Eu
(McLennan 1989).

The anomalous separation of Ce from the other REE can reveal the redox
conditions in sediment and during early diagenesis (Holser 1997). Ce, La, and
Pr were normalized to the UCC (Taylor and McLennan 1985), and the Ce/Ce*
was calculated for each section in the sediment core (Fig. 9.6) (Hannigan and
Sholkovitz 2001).

Ce/Ce* remains within a narrow range (<0.075) throughout the sediment core
(Fig. 9.6). The fluctuating pattern of Ce/Ce* may imply a system with specific
sources dominating during particular periods (e.g., storm-enhanced aerosol depo-
sition) such that the sediments are inheriting the observed pattern. All of the Ce/Ce*
values are below 1, i.e., negative cerium anomaly, which is typical of sediments
deposited under anoxic conditions such that Cr is expected to follow the redox
chemistry of Fe(III) and Mn(IV) oxides. This is confirmed to a significant extent
by correlating the depositional fluxes over the entire sediment core (Fig. 9.7).
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Fig. 9.7 Mn (ppm) and Fe (%) versus Cr (ppm) of Étang Saumâtre lake sediment. Strong linear
correlations exist between Cr and Mn, and Cr and Fe, suggesting that Cr deposition is largely
controlled by the sedimentary cycling of Mn, Fe (Fig. 9.1) and the given redox conditions

9.3.4 Water Quality Analysis

As, Cr, and Pb had concentrations exceeding WHO guideline values for some hand-
dug groundwater wells (NW1, NW2, NW3, and SE1) from the Étang Saumâtre
region (Fig. 9.8). Concentrations of As were variable depending on the sample
location: below detection limit at SE1, approximately equal to WHO guidelines
at NW2 and 3, and double WHO guidelines at NW1 (Fig. 9.8). Cr concentrations
were variable across the wells ranging from concentrations approximately equal
to guideline concentrations at NW2, to concentrations more than fivefold greater
than the guideline concentrations at NW3 and SE1, and to concentrations more
than an order of magnitude higher than WHO guidelines at NW1 (Fig. 9.8). Pb
is approximately equal to the WHO guideline value at NW1, is sevenfold larger
than the guideline value at well SE1, and is below detection at wells NW2 and 3.

The groundwater wells in our study are within village limits and are left
uncapped. The water is used for drinking, livestock, and irrigation of crops. By
evaluating long-term changes of sediment and water quality, we can monitor the
fate of toxic trace metals and predict/prevent the potentially deleterious impacts they
may have on human health by informing communities and developing management
plans based on the given results. These results coupled with the recent increase in the
contaminant trace metal loading of sediment imply that the lake system is changing.
This transformation is effecting the deposition and mobility of contaminant trace
metals and may have the unintended consequence of altering the trace metal
distribution in and around the lake and within water sources.

Drinking water is an influential determinant of health by preventing and con-
trolling waterborne diseases (WHO 2012). The potential risk of chronic As, Cr,
and Pb exposure in the Étang Saumâtre region places the communities using these
water wells in need of cleaner water and appropriate screening (Kazi et al. 2009).
Arsenicosis may develop over a period of 20 years and may be reversible if arsenic
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Fig. 9.8 Select elemental composition (As, Cr, Cu, Pb) of groundwater from the water wells
surrounding Étang Saumâtre, Haiti, with World Health Organization Guidelines for Drink-Water
Quality at the top right of figure. (P) D provisional guideline value, as there is evidence of a hazard,
but the available information on health effects is limited. (C) D concentrations of the substance at
or below the health-based guideline value may affect the appearance, taste, or odor of the water,
leading to consumer complaints. Analytes below detection were omitted from the respective figure

ingestion ceases at an early stage of development (Atkins 2006). Symptoms in the
beginning stages of arsenic poisoning can include the appearance of dark spots on
the skin, to a hardening of the skin into a tumorlike rounded mass, often occurring
on the palms, soles, and torso (Kazi et al. 2009). Pb has been well recognized for
scores of toxic effects (Dieter 2011; WHO 2012).

Cr exposure has been linked to a variety of clinical problems such as increased
incidence of respiratory cancer, skin allergies, perforation of the nasal septum,
asthma, bronchitis, pneumonitis, and inflammation of the larynx and liver (Nriagu
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and Nieboer 1988; Kotaś and Stasicka 2000). Cr skin exposure effects include
skin allergies, dermatitis, dermal necrosis, dermal corrosion, hypersensitivity, etc.
(Kotaś and Stasicka 2000). While more specific mechanisms are needed, Cr toxicity
is generally thought to arise due to its redox chemistry. For example, Cr freely
diffuses across cell membranes and may disrupt biological processes by acting as
an oxidizing agent and by forming free radicals during the reduction of Cr(VI)
to Cr(III) inside cells (Kotaś and Stasicka 2000). Additionally, Cr may act as a
metal center and form chelate and coordination complexes with organic ligands
that interfere with metalloenzyme systems (Kotaś and Stasicka 2000; Langard and
Schrauzer 1984). Consequently, Cr(VI) is considered to be 100 times more toxic
to humans than Cr(III) (Pais and Jones 1997). Changes in the redox conditions of
groundwater and lake water and changes in lake circulation (e.g., down welling) can
influence local nutrient and oxygen gradients that may alter the oxidation state of
Cr and cause a serious epidemic.

9.4 Conclusion

The communities depending on Étang Saumâtre and its resources, for drinking
water, irrigation, and subsistence fishing, may be at risk of metal-induced health
effects. The environmental history of Étang Saumâtre and the potential impact
of future environmental change on the sediment and water quality are presented.
Cr concentrations increase shortly after 1980, indicating that recent changes may
be anthropogenically derived. Cr concentrations prior to this time period fell into
the moderately polluted index. This may suggest that the natural environment has
elevated Cr concentrations and anthropogenic activities such as deforestation and
agriculture may have augmented the mobility of Cr from erosion and storm intensity
increases. Ce anomalies typical of sediments deposited under anoxic conditions help
elucidate the controls on Cr mobility of the given system. Hence, it can be concluded
that the deposition of Cr follows the chemistry of Fe and Mn and its geochemical
fate can be monitored over time. Cr contamination should be a major concern for
communities living in this region. Potential sources of Cr still need to be narrowed,
and public awareness must be increased. Translations of these results into French
and Creole are currently underway. This chapter provides vital baseline data for
monitoring the future impact of natural and anthropogenic changes on sediment
quality, and drinking and irrigation water, with respect to potentially toxic trace
metals in the region of Étang Saumâtre, Haiti.

Further research is needed to determine the extent to which land-use practices
have contributed to changes in trace metal loading. This research is ongoing and
will incorporate the use of x-ray diffraction, stable isotope chemistry, and other
methods to determine how the delivery and deposition of organic matter has been
altered due to land-use practices and climate. Additional interests include how Cr
sediment chemistry records dynamic land use and population changes occurring in
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the region as well as natural geologic and climatic events. Along with quantifying
the relation between Cr and the redox chemistry of Fe(III) and Mn(IV) oxides in
groundwater and lake water. Any disturbance of the ecosystem may exacerbate the
health of the communities living in this region. It is critical, therefore, that as part
of the broader research focused on sediment and water quality, an assessment of
the impact of land use and climate change in terms of water quality and ability to
sustain a productive fishery continues.
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Chapter 10
Trace Element Composition of Modern
Human Bone

Thomas H. Darrah, M. Ellen Campbell, Jennifer J. Prustman-Pfeiffer,
Robert J. Poreda, and Robyn E. Hannigan

Abstract The utilization of trace elements in medical, biological, anthropological,
and/or geographic provenance studies of human biominerals requires an understand-
ing of trace element incorporation into human bones. While the majority of research
has focused on the incorporation of a select group of elements (F, Sr, Pb, K, Mg,
Zn, and Na), little information exists on the abundance and incorporation of most
geologically significant trace and rare earth elements, specifically those that may
have a utility for geographic provenance studies. Because trace element patterns
vary according to geological processes, the chemical composition of different
geographic areas are often distinguishable. As a result, trace elements may be useful
for dietary or forensic geographic provenance studies. However, trace element
incorporation into bone depends also upon dietary and metabolic processes in
addition to the chemical composition of an individual’s geographic domicile. We
use ICP-MS analyses for 38 trace elements in cortical bone tissues of 58 patients
who underwent hip replacement surgery to investigate trace and rare earth element
incorporation into modern human bones. We develop a standard system for the
evaluation of trace elements including incorporation coefficients (Ki) and ratios of
incorporation (Ri) that allow comparison of the levels of incorporation for various
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trace elements and develop systematics to determine which elements are controlled
by metabolic activity as opposed to dietary or environmental factors. Elements
that are not strongly affected by metabolic activity (e.g., oxyanions, REEs, Ba,
U, and Th) may be directly linked to geographic location or dietary inputs. We
find that trace element incorporation occurs systematically according to predictable
physiochemical parameters including ionic radius, valence state, and solubility.
Ratios of incorporation (Ri) values for trace element concentrations in bone quantify
the relative deviation for each trace element from the theoretical geological standard
for average soil composition of the continents (UCC).

Keywords Bone • Trace elements • Element incorporation • Metals and
metabolism

10.1 Introduction

Bone tissue is a composite biomineral consisting of an organic collagen matrix
and inorganic hydroxyapatite (HAP) (Ca10(PO4)6(OH)2). Bone mineralization,
including new bone formation and repair, is a dynamic process in which bone
minerals are continuously formed and remodeled throughout an individual’s life
(Boskey and Pleshko Camacho 2007; Glimcher 2006; LeGeros 2002). Several types
of bone cells regulate bone mineral formation. Initially, osteoblasts synthesize an
organic collagen network or matrix. Following the formation of the collagen matrix,
the osteoblasts stimulate calcification of inorganic bone minerals from the body’s
calcium and phosphate saturated extracellular fluids (Glimcher 2006; Skinner 2005).
Under normal homeostatic conditions, extracellular fluids are supersaturated with
respect to Ca and inorganic PO4. In fact, mineralization would occur if not for the
presence of nucleation inhibitors (LeGeros and LeGeros 1984). The osteoblasts are
thought to induce crystallization by reducing inhibitors of nucleation and creating
high surface area bone nano-crystals, bone crystal nuclei, or crystallites (Glimcher
1998, 2006; LeGeros and LeGeros 1984; Roberts et al. 1992).

The formation of bone crystal nuclei, while biologically regulated by osteoblasts,
is an inorganic chemical process that requires elemental supersaturation of the bone
nuclei to induce inorganic crystal formation (Mann 2001; Pasteris et al. 2008). The
chemical composition of the nano-crystals (or bone crystal nuclei) is often distinctly
different from mature bone minerals with calcium levels well below stoichiometric
Ca to P ratios (Ca:P < 1.67) in these high surface area crystallites (Eppell et al.
2001; Pasteris et al. 2008; Rey et al. 1995a, b; 1990; Roberts et al. 1992; Tong et al.
2003). As bone crystals mature, Ca concentrations approach stoichiometric HAP
composition (Ca:P � 1.67) depending upon the total amount of total trace element
substitution (Glimcher 2006; Rey et al. 1989, 1995a, b, 1990).

Following the deposition of bone minerals, osteoblasts mature into osteocytes.
Osteocytes reside within the mineral matrix and control bone minerals activities
in concert with other osteocytes and the extracellular fluid. Osteocytes encourage
bone deposition by contact with osteoblasts (Glimcher 2006), while osteoclast
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cells dissolve and/or resorb existing bone tissue in the process termed remodeling.
Following bone tissue resorption, osteoblast cells form new bone minerals on the
existing collagen matrix. Research suggests the entire human skeleton is replaced
in approximately 5–10 years (Boskey and Pleshko Camacho 2007; Glimcher 2006;
Mann 2001).

The majority of bones (including the femoral head) consist of both trabecular
and cortical bone tissue. Cortical bone tissue is strong, dense, and compact, and
provides structural integrity, while trabecular bone is low density and spongy, and
is more metabolically active (Agerbaek et al. 1991; Boonen et al. 1997; Marcus
1991; Tidswell et al. 2008). In humans, cortical bone tissue remodels on the order
of decades (25–30 years) (Christoffersson et al. 1984; Gerhardsson et al. 1993;
Weisskopf and Myers 2006), while estimates of trabecular bone remodeling rates
are 2–3 or 2–5 years based on osteon density (Boonen et al. 1997; Dorsey et al.
2006; Glimcher 1998) and workplace exposure to lead (Christoffersson et al. 1984).
Remodeling rates also vary with age, diet, health, and metabolic rate (Boonen
et al. 1997).

Bone minerals, specifically bioapatites (HAP), serve as a reservoir of bioavail-
able minor and trace elements and a store of the body’s inorganic elements (P (80%
by weight), Ca (99% by weight), Mg (50% by weight), and trace metals up to 99%)
(Glimcher 2006; Pasteris et al. 2008; Skinner 2005). Trace element replacement
in bone can reach parts per million for specific trace elements such as Na, Mg,
K, Sr, and Pb (LeGeros and LeGeros 1984; Skinner 2005). Bone tissue (HAP)
does not simply function as a chemical storage reservoir for inorganic elements,
but also releases elements to the bloodstream on demand through bone remodeling
and interaction with biological fluids (Berglund et al. 2000; Glimcher 2006; Pasteris
et al. 2008).

Biological and bone research has predominantly focused on specific inorganic
components of bone chemistry, e.g., Ca, Mg, Zn, F, Sr, P, CO3, and Pb (Ericson
et al. 1991; Grynpas 1993; Nielsen 2004; Rey et al. 1995a, b; Spadaro and Gullino
2005; Spadaro et al. 1970). Increased dietary concentrations of Sr (to �170 ppm)
and F (to 1 ppm) increase their concentrations in serum and extracellular fluid and
hence increase bone Sr and F levels. Increased Sr and F concentrations stimulate
bone mineral formation by enhancing osteocyte metabolism and improving bone
mineral density (e.g., Grynpas 1993), while high concentrations of Sr, Pb, and F
have deleterious effects on osteocyte activity and bone crystal quality (Carmouche
et al. 2005; Grynpas and Marie 1990; Puzas et al. 1992). However, very little is
known about the incorporation of other trace elements and rare earth elements
(REEs) into human bone tissues.

In order to understand trace element and REE incorporation into human bone tis-
sues, we compare bone compositions to “natural abundance,” i.e., the composition
of soils from which plants and animals take their nutrients. Rochester, NY (current
study area) soil chemistry falls within the normal range for upper continental
crust (UCC), a common geological standard with well-established geochemical
composition. Figure 10.1 shows the natural abundance of trace and rare earth
elements for the theoretical UCC standard (Rudnick and Gao 2003; Taylor and
McLennan 1995).
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Fig. 10.1 Relative abundance of trace and rare earth elements in upper continental crust (UCC)
normalized to chondrite (or bulk earth) composition. Bone elemental composition is normalized to
UCC or chondrite to correct for natural variations in absolute elemental abundance

Because bone mineralization is essentially an inorganic process, bone mineral
composition reflects the chemical environment of the body at the time of bone
mineralization (Beard and Johnson 2000; Goodman et al. 2004; Hoogewerff 2008)
in an analogous manner to trace metal substitution in geological samples. For
example, the chemical composition of seawater determines the composition of
marine carbonates (CaCO3) (Stoll and Schrag 1998; Stoll et al. 1999) with small
but predictable variations because of changes in temperature (Lea et al. 2000;
Rosenthal et al. 2006; Sosdian et al. 2006) and changes in CO3 saturation (Lea et al.
2000; Rosenthal et al. 2006). The “environment of mineralization” for biominerals,
specifically human bone tissue, differs from purely inorganic geological minerals
because bone is a composite mineral formed on an organic collagen matrix. The
chemical composition of bone minerals is a complex function of (1) the effects on
chemical species during biopurification of food sources, (2) digestive and metabolic
processes occurring within the body, (3) exposure to naturally occurring trace
elements present in ingested food and drinking water, and (4) anomalous trace
element concentrations from specific anthropogenic activities (e.g., inhalation of air
particulate matter from power plants and vehicle exhaust, ingestion or injection of
medicines and other medical chemicals, and various types of exposure to workplace
contaminants) (Darrah 2009; Darrah et al. 2009a).

To establish which trace elemental parameters correlate with geologic and/or
dietary inputs and may be applied to forensic geographic provenance, anthro-
pological, paleodietary, and/or modern dietary studies, we require a systematic
understanding of the trace element incorporation process from initial utilization of
nutrients in local soils, through the food chain to the ultimate incorporation of trace
elements into human bone. The current study seeks to determine (1) the degree
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of biopurification for geologically relevant trace elements, relating bone chemistry
to geographic and/or dietary inputs; (2) a method to evaluate elemental depletion
resulting from biopurification to relate bone composition to geological inputs via
a set of normalization coefficients; (3) which elements are not affected by variable
metabolic and/or biological processing and therefore can be related to geographic
and/or dietary inputs; and (4) a method to correct for bone concentration variations
related to differences in metabolic rate.

10.2 Methods

10.2.1 Analytical Methods

Bone samples include the femoral heads of 58 patients resident to upstate New York.
Bone mineral trace element (e.g., Sr, Ba, Cd, Ag), transition metal (e.g., Ti, Fe,
Zn, Cu), rare earth element (REE), and heavy element (Pb, Th, U) composition
for cortical bone tissue for each femoral head were established by solution-based
inductively coupled plasma-mass spectrometry (ICP-MS) using the conditions
presented in Table 10.1 and presented elsewhere (Darrah 2009; Darrah et al. 2009b;
Sprauten et al. 2012).

10.2.2 Elemental Ratios

In order to discern changes in element composition for bone, the abundance of
each element is normalized to stoichiometric bone Ca to provide a coefficient of
incorporation (Ki):

Ki.X/ D molar ŒX�

molar ŒCa�
; where molar ŒCa� equals 39:90% (10.1)

Table 10.1 Solution based
ICP-MS instrument operating
conditions

Thermo X7 ICP-MS

Spray chamber Cyclonic; glass expansion
IsoMist temperature 20ıC

Cones Nickel
Plasma gas 15 L/min
Nebulizer gas flow rate 0.95–1.06 L/min optimized

daily
Lens voltage 7.2 V
RF power 1,300 W
Dwell time 25 ms
Sweeps 10
Replicates 3
Scan mode Peak hop
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Ki for each element is shown relative to [X]/[Ca] of the designated UCC stan-
dard, times a factor of 1,000 to reflect the average range of element incorporation,
to provide a ratio of incorporation (RiCa):

Relative incorporation .w:r:t Ca/ D RiCa D 1; 000�
�

Ki.X/BONE

.ŒX�=ŒCa�/UCC

�
; (10.2)

where [X] D is the molar concentration of a trace element (e.g., Sr, Ba, Zn, Pb)
for bone and UCC, respectively, and [Ca] is the molar concentration of Ca in
stoichiometric bone and UCC, respectively.

To identify changes in element composition of bone related to an individual’s
metabolic rate, the composition of each element is normalized to measured Zn
concentrations, a known metabolically controlled element. The [X]/Zn ratio for each
element, relative to [X]/Zn of the UCC standard, times a factor of 1,000, provides a
ratio of incorporation that corrects for metabolic variation (RiZn):

Relative incorporation .w:r:t: Zn/ D RiZn D 1; 000�
�

.ŒX�=ŒZn�/Bone

.ŒX�=ŒZn�/UCC

�
(10.3)

UCC is a widely accepted standard with universal applicability that reflects
average continental composition (where most humans live) (Rudnick and Gao 2003;
Taylor and McLennan 1995). UCC also accurately reflects the local trace element
signature of the local (Rochester) environment. Other normalizations may prove
suitable for other geological areas.

10.3 Statistical Treatment of Data

Statistical parameters were calculated using SPSS vs. 20. Statistical comparisons of
datasets employed two sample t-tests and Mann-Whitney tests, at 95% confidence
interval, unless otherwise noted.

10.4 Results and Discussion

10.4.1 Concentrations and Relative Abundance

Table 10.2 shows a statistical summary of mean and median concentrations,
standard deviations, and 95% confidence intervals (CI) for (a) transition metals, (b)
trace elements and heavy metals, and (c) rare earth elements (REEs) in cortical
tissues. Trace element and REE concentrations for each patient and UCC, all
normalized to chondrite, are shown in Fig. 10.2a, while in Fig. 10.2b the bone
concentrations are normalized to UCC, and Fig. 10.2c plots the concentration
distributions for each element.
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Fig. 10.2 (a) Spider plot of trace element (Ba, Th, U, Pb, Sr, Zn) and rare earth element (La
through Lu) concentrations in cortical bone samples of 58 patients, and upper continental crust
(UCC), normalized to chondrite. All elements except Zn occur at much lower concentrations in
human bone than in UCC, although Pb and Sr approach UCC values. (b) Spider plot of trace
element (Ba, Th, U, Pb, Sr, Zn) and rare earth element (La through Lu) concentrations in cortical
bone samples of 58 patients, normalized to upper continental crust (UCC). The pattern of rare
earth elements (REEs) normalized to UCC is relatively flat, although REEs are depleted by
approximately 2–4 orders of magnitude in bone relative to UCC. Trace elements Ba, Th, and
U are significantly depleted, while Pb, and Sr approach UCC levels and Zn occurs in the same range
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Fig. 10.2 (continued) (c) Box plot of trace element (Ba, Th, U, Pb, Sr, Zn) and rare earth element
(La through Lu) concentrations in cortical bone samples of 58 patients, normalized to upper
continental crust (UCC). For each element, the 50th percentile is shown by a grey filled box, with a
line indicating the median value. 90th percentiles are indicated by T-bars, while outliers are marked
as dots. Dotted lines indicate mean values

The majority of trace and rare earth elements are significantly depleted relative to
UCC, with the exception of Sr and Pb, which have bone concentrations approaching
UCC levels, and Zn, which occurs at approximately equal abundance in UCC and
human bone. However, ratios of all trace elements to Ca are much lower in bone
than in UCC.

10.4.2 Coefficients of Incorporation to Calcium (Ki)

We calculate molar ratios of each element to calcium (Ki) in the bone tissues of each
patient. Table 10.2 shows mean Ki and standard deviation for (a) transition metals
and (b) trace elements. Ki values range from 10�4 (Zn) to 10�8 (REEs), showing
the variability of element fractionation during biopurification.

Previous research has determined that changes in metabolic rates can affect the
rate of biomineral formation (e.g., Boonen et al. 1997) and trace metal incorporation
into bone (Hoogewerff 2008). In order to investigate the effects of metabolism on
element incorporation, we plot element ratios to calcium (Ki) against Zn concentra-
tion (Figs. 10.3 and 10.4). Because metabolic and homeostatic processes regulate
Zn concentration, abundance of Zn in bone does not correlate with dietary intake
(Ezzo 1994; Hoogewerff 2008). Instead, Zn concentrations indicate metabolic (Ezzo
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Fig. 10.3 (a) Incorporation coefficients (Ki) of transition metals vs. zinc concentration for 58
patients. Ki D [X]/[Ca]. Best fit slopes, intercepts, and r2 values for linear regressions are listed
in Table 10.2. Sc, Ti, Fe, and Co have r2 values >0.5, are interpreted as indicating a significant
degree of metabolic control on incorporation into bone. Cr has an r2 value of 0.34, which may
indicate a lower degree of metabolic regulation. Ki values for these five elements vs. Zn are shown
individually in (b–f)

1994) and bone formation rates (Jamieson et al. 2006). Zn is the most abundant bio-
essential trace metal in mammals (Ezzo 1994) and is metabolically regulated as
a metalloenzyme cofactor in bone formation, cell formation, and other biological
processes (Ezzo 1994; Hoogewerff 2008; Jamieson et al. 2006).

Trace element Ki values are plotted vs. Zn (Fig. 10.4a) and vs. Lu (Fig. 10.4b).
Pearson correlations between trace element abundance and Zn concentrations
estimate the degree of metabolic control for each element. Ratios for five transition
metals (Sc, Ti, Fe, Co, and Cr) have r2 values that indicate a correlation, with relative
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Fig. 10.3 (continued)
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Fig. 10.3 (continued)

abundance increasing with increasing [Zn]. This positive correlation suggests that
metabolic processes affect the degree of incorporation for these transition metals,
whereas r2 values of <0.25 for V, Mn, and Cu indicate an absence or very low degree
of metabolic regulation. Among other trace elements and heavy metals (Fig. 10.4a),
only Sr correlates with Zn concentration (r2 D 0.41), indicating some degree of
metabolic control on Sr concentration. Ratios for other trace elements have very
low r2 values (<0.05) that indicate no significant metabolic control. Because Lu has
the highest field strength among REEs, it may act as a potential proxy for total bone
mineral content (i.e., Lu most strongly prefers solid crystal phase among REEs)
(Hirano and Suzuki 1996). Pearson correlations for all transition, trace, and heavy
metals yield r2 values <0.05, indicating a complete lack of covariance to Lu and no
correlation to bone mineral content (Figs. 10.4 and 10.6; Table 10.2).
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Fig. 10.4 (a, b) Incorporation coefficients (Ki) for trace elements and REEs for 58 patients vs. (a)
metabolically controlled Zn concentration, [Zn], and (b) the REE lutetium, [Lu]. Ki D [X]/[Ca].
Best fit slope, intercept, and r2 values are listed in Table 10.2. Only Sr, with an r2 value
of 0.41, is indicated to be metabolically regulated. (c–f) Incorporation coefficients (Ki) vs.
metabolically controlled Zn concentration for 58 patients. (c) Sr (r2 D 0.41); (d) Pb (r2 D 0.01);
(e) Ba (r2 D 0.04); and (f) La (r2 D 0.005). Ki D [X]/[Ca]. Best fit slope and intercept are listed in
Table 10.2. Strontium abundance correlates with Zn, indicating metabolic regulation. Ba, Pb and
La have low correlation with Zn, indicating a lack of metabolic regulation and suggesting that their
variability can be attributed to dietary and/or environmental inputs
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10.4.3 Ratios of Incorporation (Ri)

We calculate RiCa according to Eq. 10.2. In order to correct for potential metabolic
influence on element concentrations, Ri values are also calculated as ratios to
Zn (RiZn), according to Eq. 10.3. Mean Ri values, standard deviations, and 95%
confidence intervals for Sr, Ba, Pb, La, Ce, Nd, Sm, and Zn are shown in Table 10.3
for (a) RiCa cortical bone tissues and (b) RiZn cortical bone tissues.

Figure 10.5 shows distributions of RiCa for several trace and rare earth elements
in cortical bone samples. Ratios of incorporation decrease with increasing ionic
radius for elements of the same oxidation state (Fig. 10.5). Figure 10.6a–d shows
RiCa values for Pb, Ba, Zn, and La vs. RiCa (Sr). While Sr abundance covaries
with Zn indicating metabolic regulation, Pb, Ba, and La abundance do not. RiCa

values are compared to molar [Lu], with Pb, Ba, Zn, and Sr plotted as examples
(Fig. 10.7a–d). Lu is the highest field strength REE and is used as a proxy for
total mineral content. Trace elements (except for other REEs) do not covary with
[Lu], indicating a lack of correlation for specific trace elements with total mineral
content. RiZn values for Pb, Ba, and La are plotted against RiZn (Sr) in Fig. 10.8a–d.
Corrected for metabolic effects, comparison of RiZn values shows no correlations
with Sr or consistent incorporation related to metabolic rate except for extreme La
and Ba in some OA patients that may relate to bone disease and/or diet.

We compare trace element compositions of bone from 58 Rochester residents
to the composition of upper continental crust (UCC), to find relations that could
be used for geographical provenance studies. Before geographic domain can be
assigned to humans based on their bone compositions, we need to understand how
trace element abundances are altered from their soil sources through the food chain
and in the human body.

Upper continental crust (UCC) serves as a proxy for “natural abundance” and
also characterizes soils in the greater Rochester area. We find significant differences
between bone concentrations and UCC, with most elements strongly depleted
in bone. Trace element depletion from UCC to human bone is achieved by a
combination of processes: (1) biopurification in the food chain: as nutrients progress
through the food chain, most elements become progressively depleted, while bio-
essential nutrients are concentrated, e.g., Ca and Zn (Balter 2004; Burton and
Price 1999; Burton et al. 1999; Ezzo 1994), and (2) human biopurification in
vivo: physiological processes (e.g., digestion, metabolism) that result in preferential
biological selection for certain elements during digestion and ionic transport across
biological membranes (Ezzo 1994; Nielsen 2004). For example, as elements are
transported across the digestive membrane, Ca is preferred to Sr, and Sr is preferred
to Ba, i.e., Ca/Sr and Sr/Ba increase (Nielsen 2004).

In order to relate bones to geographical areas, we need to identify systematic
variations between bone compositions and dietary (geological) sources. We find that
element abundances in bone are not simply a function of the ratio of total inorganic
bone mineral content relative to organic collagen matrix. None of the trace element
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Fig. 10.5 Ratios of incorporation to calcium (RiCa) of trace and rare earth elements in cortical
bone samples. Ionic radius increases from left to right (Zn to Ba). Ratios of incorporation decrease
with increasing ionic radius with elements of the same oxidation state. Molar ratios to calcium
decrease in comparison to UCC as ionic radius increases. Note that atomic number increases from
La to Nd to Sm, but ionic radius decreases because of La contraction

concentrations (except other REEs) had significant correlation with [Lu], which
we use as a proxy for total inorganic bone mineral content because of its high
field strength. This indicates that there are additional controls on the incorporation
of trace elements and transition metals such as dietary or biological processing.
Our results for trace element concentrations in bone indicate significant effects of
biopurification processes and metabolic regulation on bone chemistry. For elements
that are biopurified systematically according to physiochemical parameters and for
which this process can be quantified (e.g., by RiCa values), bone chemistry may be
correlated to the chemical composition of an individual’s geographic provenance.
However, metabolic regulation in vivo also affects some trace elements, which
complicates their relation between inputs and bone.

10.4.4 Metabolic Regulation of Trace Elements
and Transition Metals

Metabolic processes, rather than dietary inputs, control Zn concentration in human
bone (Ezzo 1994; Hoogewerff 2008; Jamieson et al. 2006). Using coefficients of
incorporation (Ki D [X]/[Ca]) for transition metals and trace elements, we find that
Sr and the transition metals Sc, Ti, Co, Fe, and Cr correlate with [Zn], indicating
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Fig. 10.6 RiCa values for cortical tissue samples of 58 patients. (a) Pb vs. Sr; (b) Ba vs. Sr; (c) Zn
vs. Sr; and (d) La vs. Sr. RiCa D molecular ratios to Ca normalized to UCC � 1,000. Pb and Zn
abundance appear to co-vary with Sr. Ba concentrations have two trends. One trend shows Ba co-
varies with Sr, while the second shows an relative increase in Ba w.r.t. Sr. Several osteoarthritic
individuals have increased REE concentration (La) relative to Sr. REE concentrations in bone do
not co-vary with Sr or other minor element concentrations

metabolic regulation of these elements (Figs. 10.3 and 10.4). Ba, Pb, REEs, and the
transition metals V and Mn do not correlate with Zn, and we conclude that they are
not metabolically regulated.

The correlation of Ki (Sr) with [Zn] is much lower than the slopes for correlated
transition metals, indicating that Sr concentrations in bone are not as strongly
influenced by variations in individuals’ metabolic rates. This is consistent with
previous research showing that Sr is a useful indicator of paleodiet (Ezzo 1994) and
geographical provenance (Burton et al. 2003) and with observations of increased Sr
concentration in bone tissues of both rats and human patients with increased dietary
exposure to Sr (Dahl et al. 2001; Grynpas et al. 1996).

Transition metals have long and well-established biological and metabolic
functions related to their diverse coordination chemistries. The roles of hemoglobin
Fe in oxygen transport (e.g., Eguchi and Saltman 1984), Zn in bone and cell
formation (Ezzo 1994; Jamieson et al. 2006) and insulin regulation (Bentley et al.
1976), Cr for cholesterol regulation (e.g., Preston et al. 1976), and Co complexes
in vitamin B12 (e.g., Hush and Woolsey 1974) are a few examples of the roles that



184 T.H. Darrah et al.

Fig. 10.7 RiCa values for cortical tissue. (a) RiCa Pb vs. Lu; (b) RiCa Ba vs. Lu; (c) RiCa Zn vs.
Lu; and (d) RiCa Sr vs. Lu. RiCa D molecular ratios to Ca normalized to UCC � 1,000. Elemental
concentrations do not appear to co-vary with Lu concentration indicating that abundance of these
elements in bone is not expected to be a simple function of bone mineral content

transition metals play in biological and metabolic processes. These known processes
may account for the correlations with metabolism (Zn) that we observe for Fe, Cr,
and Co. These metals and Sc and Ti, which correlate with Zn, may also be selected
for during bone cellular processes, as for Zn.

Our results are consistent with previous research suggesting metabolic control
of most transition metal concentrations in human bones (Hoogewerff 2008). The r2

values for Ki (V) and Ki (Mn) with [Zn] are low, indicating an absence or very
low degree of metabolic control. The indicated lack of metabolic control for V
is consistent with previous research showing that bone V concentrations increase
in rats treated with V-based drugs (Facchini et al. 2006). The lack of metabolic
regulation of V and Mn may result from their complex coordination chemistries.
Both elements may occur as oxyanions (e.g., MnO5

3� or VO4
3�) as opposed to

other transition metals that occur in cationic form.
V and Mn, which do not appear to be metabolically regulated, may be useful

for geographical provenance or paleodietary studies relating bone compositions to
dietary inputs. Metabolic regulation of the other transition metals suggests that they
will not correlate to geological or dietary inputs without a method of correcting for
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Fig. 10.8 Ratios of
incorporation to zinc (RiZn)
values for cortical tissue
samples of 58 patients. (a) Ba
vs. Sr; (b) Pb vs. Sr; and (c)
La vs. Sr. RiZn D molecular
ratios to Zn normalized to
UCC � 1,000 (Eq. 10.3).
Corrected for metabolic
effects, Ba, Pb, and La show
no correlation with Sr,
indicating that concentrations
of these elements are not
controlled by biological
processes, and may reflect
dietary and anthropogenic
inputs, or disease-related
effects

variation between individual metabolic rates. We apply a correction for metabolic
rate by normalizing to Zn (RiZn, Eq. 10.3). These RiZn values act as coefficients for
metabolically regulated incorporation of Sr and the transition metals Sc, Ti, Co, Fe,
and Cr.
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Table 10.4 Estimated ratio of incorporation (Ri) values for each element to calcium (Ri(Ca))
normalized to UCC � 1,000, and zinc (Ri(Zn)), normalized to UCC � 1,000, where: (a) (Ri(Ca))
in cortical bone tissue; (b) (Ri(Ca)) in trabecular bone tissue; (c) (Ri(Zn)) in cortical bone tissue;
and (d) (Ri(Zn)) in trabecular bone tissue

(a) RiCa
cortical Zn Sr Pb Ba La Nd Sm

Mean 131.43 13.23 15.70 0.40 0.23 2.23 3.49
Std dev. 25.71 4.29 10.12 0.23 0.84 8.31 15.68
95% CI 124.7, 138.2 12.1, 14.4 13.0, 18.4 0.34, 0.46 0.076, 0.165 0.774, 1.526 0.99, 1.88
X/Ca in

UCC
1.45E�03 5.35E�03 1.10E�04 5.36E�03 2.89E�04 1.30E�05 2.15E�06

(b) RiCa trabecular Zn Sr Pb Ba La Nd

Mean 99.20 8.56 11.10 0.46 0.44 6.93
Std dev. 27.68 3.70 9.80 0.34 1.63 24.44
95% CI 91.9, 106.5 7.6, 9.5 8.5, 13.7 0.37, 0.56 0.12, 0.34 1.86, 5.76
X/Ca in UCC 1.45E�03 5.35E�03 1.10E�04 5.36E�03 2.89E�04 1.30E�05

(c) RiZn cortical Sr Pb Ba La Ce Nd

Mean 100.07 4.86 0.14 0.29 1.40 0.06
Std dev. 25.18 2.87 0.45 0.86 0.83 0.21
95% CI 93.5, 106.7 4.1, 5.6 0.02, 0.25 0.07, 0.52 0.64, 1.45 0.008, 0.117
X/Zn in UCC 3.68 0.08 3.69 0.20 0.42 0.42
(d) RiZn trabecular Sr Pb Ba La Ce Nd
Mean 96.24 5.27 10.66 11.66 0.97 0.31
Std dev. 29.34 4.12 13.36 11.10 2.36 0.50
95% CI 80.0, 94.67 4.2, 6.3 6.2, 9.3 0.12, 0.33 0.23, 0.87 0.12, 0.33
X/Zn in UCC 3.68 0.08 3.69 0.2 0.42 0.42

10.5 Biopurification of Non-metabolic Elements

10.5.1 Trace Elements and Transition Metals

Biopurification processes in humans occur through biologically selective mem-
branes, e.g., the digestive membrane. Gastrointestinal processes select Ca over
Sr during diffusion across digestive membranes into the blood (Nielsen 2004).
The digestive membrane concentrates Zn into the blood, and metalloprotenetic
selection concentrates Zn into osteoblast cells during bone formation (Ezzo 1994).
Biopurification causes Ca/Sr to increase from soil ! plants ! herbivores !
carnivores (Balter 2004; Burton et al. 1999, 2003; Ezzo 1994). By comparing the
compositions of human bone to the NIST 1486 SRM, which is composed of cow
bone meal, we find that elemental ratios of Sr/Ca and Ba/Ca are more than an order
of magnitude higher in cow bone. While it is unclear if this relates to herbivorous
dietary inputs or is the result of cows’ ruminant digestion and metabolism, it clearly
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reveals differences in trace element incorporation between species at different levels
of the food chain.

Dietary preferences will affect nutrient inputs and bone trace element con-
centrations. This study does not attempt to correlate dietary preferences (e.g.,
vegetarian and/or meat selection) with bone trace element concentrations. However,
for Rochester residents, RiCa values for alkaline earths, REEs, and most transition
metals appear to occur in relatively narrow ranges (Table 10.3), which suggests
biological regulation of trace element incorporation into bone.

Little is known about how biopurification alters the relative concentrations of
trace elements other than Sr, Ba, and Zn. Our ratios of elemental incorporation
(RiCa) evaluate the degree of fractionation during the biopurification processes for
each trace element. Assuming that biopurification works as a simple box model with
UCC nutrient inputs, biopurification processes, and bone composition outputs, RiCa

for each trace element is the coefficient of biopurification (depletion) with respect
to a UCC soil source. This coefficient acts as a correction factor to relate bone
concentrations to dietary or geologic inputs, at least for elements that metabolic
activity does not significantly alter.

We find that RiCa values decrease with increasing ionic radius for elements
of equal oxidation state, i.e., trace elements (2C) and REEs (3C) (Fig. 10.5).
This indicates that trace element incorporation responds to the physiochemical
parameters (ionic radius, charge) of each element. HREEs (e.g., Lu, Dy) are
preferentially transported across the digestive membrane and during other biological
processes because of increased solubility of HREEs relative to LREEs (e.g., La, Ce,
Pr) (Hirano and Suzuki 1996). Our results are consistent with this and indicate that
these selective processes affect incorporation of trace elements into bone.

10.5.2 Rare Earth Elements

Biopurification processes significantly reduce the incorporation of REEs in human
bones relative to Ca (Figs. 10.2b and 10.5). REEs are more depleted relative to
UCC in bones than other trace elements with limited or no biological functions
(Sr, Ba). Fractionation between REEs incorporated into bone is minimal, based
on the approximately flat pattern of bone concentrations normalized to UCC
(Fig. 10.2b). Small variations between the bone tissue samples and UCC include
(1) an enrichment of about 12% in the heavy REE Lu; and (2) a “zigzag” pattern (as
opposed to a smooth pattern), for heavy REEs (HREE).

1. The Lu enrichment may result from increased solubility of REEs with increasing
atomic number in biological fluids (e.g., Hirano and Suzuki 1996), allowing
Lu to be easily transported across biologically selective membranes such as
the gastrointestinal membranes. Another possibility is that the field strength,
defined as the charge to ion radius ratio (Z/Rion), increases with atomic number or
decreasing ionic radius. As a result, Lu may incorporate into the bone crystal with
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a stronger bond than La (i.e., higher partition coefficient between mineral and
fluid (Kd)) resulting in preferential incorporation of HREEs compared to light
REEs (LREEs) into bone. Both possibilities are consistent with the increase in
RiCa values with increasing atomic number throughout the REE suite (Fig. 10.5).

2. The zigzag pattern in REE concentration normalized to UCC may reflect a
systematic inaccuracy in the quantification of NIST 1486 SRM for the low-
concentration HREEs or analytical difficulties in measuring REEs at bone
concentrations. Future work may explore alternative analytical methods to
analyze REE patterns such as oxygen dynamic reaction cells and/or column
chemistry to remove major elements prior to analysis of REEs.

Despite low concentrations of REEs in bone relative to Rochester UCC soils,
REE concentrations may provide the best fingerprint for geographical provenance
because they have minimal metabolic regulation, based on a lack of correlation to
Zn concentrations. Their trace element patterns in bone may accurately record the
relative concentrations (e.g., La/Dy, Lu/Dy, Ba/Dy) of geological or dietary inputs.

10.6 Conclusion

We use trace element concentrations in the bone tissues of 58 Rochester residents to
identify differences between human bones and the composition of their geological
source of nutrients (UCC). We find that element abundances in bone are not simply
a function of the ratio of total inorganic bone mineral content relative to organic
collagen matrix. Our results for trace element concentrations in bone indicate
significant effects of biopurification processes and metabolic regulation.

Using coefficients of incorporation (Ki D [X]/[Ca]) for transition metals and
trace elements, we find that Sr and the transition metals Sc, Ti, Co, Fe, and Cr
correlate with metabolically regulated [Zn]. The concentration of these elements
varies as a result of biologically and metabolic processes and does not preserve
geological or dietary input ratios in bone. A correction factor, normalized to Zn,
attempts to correct for variations in an individual’s metabolic rate to determine
elemental variations from UCC. While Sr is metabolically regulated, bone Sr
concentrations are not as greatly affected by variations in individuals’ metabolic
rates as the transition metals. This is consistent with previous research showing that
Sr is a useful indicator of paleodiet and geographical provenance.

Ba, Pb, Al, REEs, and the transition metals V and Mn do not correlate with
[Zn], and we conclude that they are not metabolically regulated. These elements
may be useful for geographic provenance and paleodietary studies, even if their
total abundance is significantly altered with respect to UCC. Even non-metabolically
regulated element compositions of bone are not simply a function of environmental
or dietary intakes but rather significantly altered by biopurification processes.
After dietary intake, metabolic activity controls incorporation along with the rate
of diffusion of ionic species across biological selective membranes. The use of
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trace elements for geographic provenance requires a correction for the relative
incorporation of each trace element compared to the theoretical UCC standard.
We find that physiochemical properties including ionic radius and the charge to ionic
radius ratio (Z/Rion) control trace element incorporation. There is a clear association
between decreasing incorporation of trace elements and increasing ionic radius for
elements of the same valence state.
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